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Monitoring of human environments, food and health for toxin, carcinogen, allergen and 
pathogen detection motivates the development of chemical and biosensing platforms that 
can be deployed in portable field applications. Transistors are suitable transducers for such 
devices due to their direct electronic response, compact size, and multiplexing capabilities. 
Electrolyte-gated transistors (EGTs) can provide additional advantages including low 
voltage operation and the use of fast and simple fabrication methods such as printing. The 
Floating Gate EGT (FGT) is a sensing derivative of the EGT that utilizes a floating gate to 
physically separate yet still electronically couple the active sensing area with the transistor. 
Previous work has shown that FGTs can provide fast and reliable detection of DNA, ricin, 
and gluten. The aim of this thesis is to investigate fundamental operating mechanisms of 
the device, improve its sensing capabilities and characterize its design space. 
 
The first study, detailed in chapter 3, implemented well-established acid-terminated self-
assembled monolayer (SAM) chemistry on the sensing area to characterize the role of 
interfacial charge in generating device responses. The shifts observed are further compared 
with Grahame’s equation, derived from Guoy-Chapman double layer theory, and is found 
to match closely with the experimentally observed shifts. This represents the first 
quantification of the charge response of floating gate transistor sensors.  
 
Chapter 4 focuses on the detection of capacitance, an important physical quantity for the 
detection of charge-neutral targets, which has proved to be a challenge for transistor-based 
sensing devices. In this study, alkylthiol chains of increasing lengths are used to alter the 
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capacitance of the sensing surface. A simple amplification circuit called an inverter is used 
to amplify the change in output when the capacitance is perturbed. The FGT platform was 
found to respond to the capacitive change in a manner distinguishable from the charge-
based sensing. This represents the first demonstration of quasi-static capacitance detection 
in the FGT platform as an alternative to charge detection, a critical issue in transistor-based 
sensing for neutral targets or in high electrolyte concentrations.  
 
In chapter 5, a theoretical model is derived for the device response and it is utilized to 
predict the performance and sensitivity of floating gate devices using well-known transistor 
current equations. The derivation yields 5 parameters, which are combinations of 
physically understood variables that can effectively tune the response of the device. To 
validate the model experimentally, SAMs are utilized to generate capacitive and charge-
based signals, and the area of the sensing surface is systematically reduced. The model is 
found to match experimental performance and sensitivities well for higher sensing area 
capacitances (>1 nF). The model predictions are further extended across large ranges of 
the relevant parameters to provide general design rules for sensing using thin film organic 
electronic devices that can be utilized regardless of materials choice. 
 
The overall contribution of this project is to understand quantitatively the mechanisms 
behind transistor-based detection, specifically charge and capacitance, and provide 
guidelines for device sizing and materials choice, in order to make transistor-based sensors 
more accessible and move closer to the overarching goal of a rapid, portable, general 
purpose sensor for chemical and biosensing in distributed field applications.  
v 
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Chapter 1. Introduction and Background 
A common goal for distributed chemical sensor platforms is to provide fast, quantitative 
tests that are easy-to-use. One path towards this goal is through the use of printed 
electronics, which uses solution-based fabrication of electronically active films to create 
devices that can transduce binding events of specific target molecules with capture 
molecules. Often printed and organic transistor devices are sensitive to the sensing media, 
which may need to be harsh or reactive to effectively solvate the targets of interest. 
Complications that arise from the contact of the primary and secondary electrolyte, such as 
electronics degradation or solution contamination can be prevented by separation of the 
two compartments using a floating or extended gate arrangement. This contribution 
quantifies the effects of charge and capacitance on this novel device and models its 
response to obtain general design rules for floating gate transistor sensors. 
1.1 Introduction to Bio/chemical Sensing 
Detection of chemical or biologically relevant targets is a necessary step in food 
and environmental quality control, disease diagnosis and treatment, the monitoring and 
maintenance of public health as well as scientific research into these areas.1 Rapidly 
increasing and aging populations and the demand for continuous monitoring of human 
health and the environment for applications such as personalized medicine has prompted 
research into sensing devices that can be implemented directly at the point of need,2 to 





Fig 1.1. Scheme of ELISA. A cartoon depiction of the ‘sandwich’ portion of an ELISA is 
shown here. The target solution is exposed to an antibody containing well, followed by a 
secondary antibody binding, with rinses in between to remove unbound molecules.  
 
Sophisticated lab-based tests are traditionally utilized to provide highly quantitative 
information about targets of interest, which include small molecules, proteins and cells for 
detection relevant to biological systems. The Enzyme-Linked Immuno-Sorbent Assay 
(ELISA) (depicted in Fig 1.1) and its variants8 are the gold-standard general-purpose 
techniques used in hospitals and research labs for the quantification of numerous entities 
(pathogens,4,9 proteins,10 small molecule chemicals) found in the human body and the 
environment. Methods for detecting biological entities that are often specific to their targets 
include staining11 and gel electrophoresis12 for proteins, and cell culture13 followed by 
microscopic or image-based methods14 for bacteria or whole cells. An increasingly popular 
test for organisms is the PCR (Polymerase Chain Reaction) test, which amplifies the 
genetic material (DNA or RNA) in the sample, followed by optical quantification.15–17 
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The other most commonly utilized general purpose technique for chemical sensing 
is Mass Spectrometry (MS). In this method, the sample is ionized with an electron beam 
and accelerated to a detector with electric or magnetic fields. The mass to charge ratio of 
the constituent molecules or particle fragments is extracted by the detector and form 
distinct spectra which can identify the chemical character and masses of molecules present 
in the sample.18 This is a highly quantitative and widely applied method that is often used 
along with a separation step such as liquid (LC-MS) or gas chromatography (GC-MS) and 
gel separation for protein targets.19 An additional factor to consider in spectroscopic 
techniques is that all the entities present in the sample yield an output – detection of only 
certain targets must be obtained through additional steps or secondary data analysis. Both 
these techniques, serving as examples of lab-based general purpose detection methods, are 
ubiquitous and highly quantitative, but are often time-consuming (>2 hours for detection) 
due to either labeling, secondary binding or additional separation steps,20,21 and require 
highly trained personnel to operate, putting them at a disadvantage for distributed 
applications.  
In order to simplify, better analyze, and improve them, sensing or detection 
platforms in general are seen as consisting of two parts – a selective capture module, which 
enables specific binding to the target of interest, and a transducer or detector that converts 
the binding event to a readable signal. Transducers can be divided broadly into optical and 
electronic based on their mechanism of action. ELISAs, for example, rely on binding with 
specific labelled capture molecules (generally antibodies – hence the term immunoassay is 
often used to describe the ELISA and its variants), followed by optical transduction with 
equipment such as spectrophotometers (called plate readers for ELISAs).22  
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Electronic transducers have garnered attention over the last few decades due to their 
fast and direct electronic response, which can bypass the labeling step and generally bulkier 
optical transducer modules.23 Indeed, the first use of the term biosensor came in reference 
to the Clark oxygen electrode in the 1960s24 for the detection of the enzymatic oxidation 
of glucose using amperometric measurements of hydrogen peroxide reduction to oxygen. 
Since then, advances in materials and device fabrication have reduced the size and 
increased the ease of use for electrochemical glucose sensors, making them the most 
commercially successful chemical sensors to date.25 Electrochemical methods are still the 
most commonly utilized techniques for electronic transduction due to well-characterized 
measurement techniques such as cyclic voltammetry, impedance spectroscopy, as well as 
simpler amperometric measurements for electroactive species.7,26–29 Another promising 
transducer with a direct electronic response that can additionally provide in-built 
amplification is the transistor, which will be discussed in detail in the next section. 
1.2 Transistors, EGTs and Transistor-based Sensing 
Transistors are three terminal devices that consist of a semiconductor channel 
flanked by two conductive electrodes (called the source and the drain), with the third 
electrode, called the gate, coupled through a dielectric. The gate voltage can change the 




Fig 1.2. Structure of a typical thin film transistor. Yellow shows the gold electrodes, 
orange indicates the P3HT semiconductor, and green represents the dielectric. VG refers to 
the gate voltage, VD refers to the drain voltage. Small changes in VG (depending on the 
values of VD and VG) can cause large changes in semiconductor conductivity and enable 
signal amplification. 
 
A typical transistor structure is shown in Fig 1.2, with the gate on top of the 
semiconductor and dielectric, referred to as a ‘top-gated’ structure. Alternately, ‘bottom-
gated’ structures place the dielectric and gate electrode below the semiconductor. 
Transistors are particularly attractive as transducers for sensors since small changes in the 
gate voltage can cause large changes in the conductivity of the semiconductor channel. 
This provides built-in amplification along with fast electronic transduction for small 
potentiometric changes caused by molecular binding events. Another advantage of 
transistor-based sensors are simple measurement techniques such as straightforward 
current or voltage measurements. 
The typical measurements used to characterize transistor behavior are the transfer 
characteristics and output characteristics. In the former, the gate voltage is fixed, and the 
drain voltage is swept to increase the current until a plateau is reached for one particular 
gate voltage. In the latter, the drain voltage is fixed, and the gate voltage is swept from 
positive to negative voltages (for p-type devices). The current is measured at the drain 
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terminal and can be increased by several orders of magnitude as the device is switched 
from the off to the on state. Several important parameters govern the response of the device 
to these measurements. The mobility μ is the speed of charge carriers (electrons or holes) 
in the device per unit applied electric field and is an important metric of device 
performance. Ci is the specific capacitance (capacitance/area) of the 
semiconductor/dielectric interface. VT refers to the threshold voltage of the device, which 
indicates the amount of gate voltage that needs to be applied to switch on the device. The 
value of VT represents band bending and/or traps in the device that alter the available 
energy states for the charge carriers (holes or electrons). These states must be filled before 
the charge carriers can be drawn freely across the semiconductor channel, resulting in a 
minimum potential that must be applied to ‘switch on’ the device. VT can be changed by 
the morphology of the semiconductor film, impurities at the semiconductor/dielectric 
interface, and the doping state of the semiconductor. The relationship between the current 
flowing through the semiconductor and the applied voltages can be derived using Ohm’s 
law and the capacitive charge voltage relationship (Q = CV). The general equation 
governing the current, called the square law current equation, is  
ID =  
μCW
L




]                                         (1.1), 
where W and L refer to the width and length of the semiconductor channel. This equation 
is valid for VG - VT<0 (in case of a p-type device, as is the case in this work). 
In the limit of VD<<VG - VT, the second term in Eq 1.1 can be ignored, and this limit is 
called the linear regime of operation (due to the linear relationship of the current with the 
drain voltage) 
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ID =  
μCiW
L
(VG − VT)VD                                                 (1.2). 






VD                                                       (1.3) 
which measures the change in drain current obtained by changing VG, a measure of how 
easily the device can be switched on.  
When VD is greater than VG-VT, or is of similar magnitude as VG - VT all the charges 
induced in the semiconductor are swept across the device by the drain voltage and the 
current is said to be ‘saturated’, and VD = VG-VT can be substituted into Eq 1.1 to yield  




2                                                (1.4) 
which is known as the saturation regime. The saturation regime yields a higher current (due 
to higher VD) and is often chosen as the regime of operation for sensing purposes.  
 
Fig 1.3. Traditional FET-based chemical sensor devices. (a) Bottom gated structure for 
FET-based sensors with the semiconductor in orange, dielectric in black, electrodes in 
yellow, and sensing medium in blue (b) Top-gated structure for a FET-sensor with a 
reference electrode used to apply gate voltages.  
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Transistors have been employed to detect numerous chemical and biochemical 
targets since the introduction of transistor-based sensors in the form of Ion Sensitive Field 
Effect Transistors (ISFETs) in 1970.32 This device consists of a transistor with the 
dielectric in contact with an electrolyte solution. A reference electrode in the solution 
applies the gate voltage and the current is recorded at the drain terminal (Fig 1.3). The 
concentration of ions changes the electrochemical potential that gates the primary dielectric 
and hence changes the final potential felt by the semiconductor.33 This structure can detect 
the concentration of ions in solution that can specifically bind to the dielectric surface. 
Since a simple oxygen plasma treatment can create a layer of -OH groups on traditional 
silicon dioxide dielectric layers, pH measurements became the most common application 
for this device.34 
Numerous studies since then have shown FET-based devices with similar overall 
structures (Fig 1.3) to be effective transducers for molecular binding,35–38 and specific 
names were even given to sensors for different classes of targets or capture agents such as 
Enzyme-FETs,39 DNA-FETs,40 Immuno-FETs,41 Chem-FETs,42 Cell-FETs,43 and pH-
FETs.33 The most sensitive detection has been shown by FETs that maximize the effective 
area of the semiconductor, which doubles as the sensing surface. Silicon nanoribbons,44 
nanowires45 and carbon nanotube-based sensors46 are some examples of this class of FET 
sensors that provide extremely sensitive detection of single molecules. Complex and 
device-specific methods are often utilized for both the fabrication of the transistor and the 
attachment of capture agents to the semiconductor or dielectric surface.47 While these are 
extremely sensitive, the proliferation and commercial application of many of these 
platforms can be limited by the complex and specific fabrication and surface chemistries 
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required to complete these devices.48,49 Transistor-based sensors with simpler fabrication 
have hence been pursued as alternatives. 
Solution-based methods such as printing were seen as alternatives to traditional 
fabrication methods with the development of organic semiconductors and printable inks. 
The first organic semiconductor-based devices were developed in the 1970s,50,51 with 
molecules containing conjugated backbones that enabled delocalization of electrons. 
Suitable alkyl side chains can enhance dissolution of these molecules in organic solvents 
as well as their organization into ordered structures upon film formation, which can 
enhance charge transport.52 The solubility of these semiconductors in organic solvents 
opened up many possibilities for solution-based fabrication of thin films which reduced the 
complexity and fabrication time needed to create transistor-based sensing devices, 
compared to traditional silicon-based technology. Techniques such as screen printing,53 
inkjet printing,54,55 and aerosol jet printing56 have been employed to create organic (and  
 
Fig 1.4. Electrolyte-gated Transistors. (a) An ionic liquid is gelled with an ABA block 
copolymer to form a microphase separated network termed an "ion-gel". (b) The potential 
drop through a conventional solid dielectric drops linearly through the film while (c) the 
potential drop through an electrolyte dielectric is concentrated at the interfaces due to the 
mobile ions. 
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inorganic) transistor-based devices. Many organic semiconductors, however, can show 
poorer charge carrier transport properties (mobility)57 compared to inorganic materials with 
long range atomic order, which can result in a trade-off between device performance and 
fabrication speed/complexity.58 Organic and printable materials are well suited to 
complement traditional silicon-based technologies for low power and/or large area 
applications such as sensors,59 screens/displays with OLEDs,60 solar cells,61 or flexible 
RFID devices,62 where the primary focus is not high speed dynamic response or the 
concentration of computing power into small structures. Chemical/biosensing is another 
example of such an application, where the rate limiting step is often mass transport of 
species to a surface, even when traditionally ‘slower’ transistors are used as transducers. 
Additionally, the area of the sensing surface often determines the size of the transistor 
channel unless the two are physically separated (as will be discussed in chapter 1.3), and 
making it as small as possible may not be desirable. 
Apart from simpler fabrication methods, another aspect of improving the suitability 
of transistor-based sensors for portable applications is lowering the operating voltage to 
enable compatibility with compact (and possibly printed) battery power supplies. The 
operating gate voltage induces charge carriers in the semiconductor through the dielectric 
layer through capacitive charging. Required operating voltages can hence be reduced by 
increasing the capacitance of the dielectric layer. One option is to use ‘high-k’ dielectrics 
such as such as HfO2 or Ta2O5, with the possible downside of current leakage. Replacing 
traditional solid dielectrics (such as SiO2) with electrolytes can increase the capacitance to 
~10 μF/cm2, which represents a 10-fold increase in specific capacitance, even from high-k 
dielectrics (~100 nm thickness).63,64 This increase is caused by the formation of electric 
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double layers by mobile ions at the interfaces of electrolyte compartments  upon the 
application of an external voltage. The concentration of ions in a few nanometers thick 
layer creates very high thickness-independent interfacial capacitances.65 This results in 
smaller voltages required to induce the same amount of charge in the semiconductor, which 
enables low voltage operation – a key advantage for portable applications. Another 
important implication is the possibility of side-gated devices, as the formation of double 
layers can occur even without physical alignment of the interfaces, as enabled by a bottom 
or top-gated structure.66 
Many electrolytes have been utilized to gate transistors, including solid polymers 
with salts,67 ionic liquids,68 and composite materials.69 Of these ionic liquids have been the 
most utilized for their wide electrochemical stability windows, negligible vapor pressure, 
and ease of processing into thin films using techniques such as printing, which makes them 
especially suitable for printed electronic sensors.70 The ability of the electrolyte ions to 
permeate into the semiconductor creates two classes of electrolyte gated transistors. A lack 
of permeability results in EDLTs (Electric Double Layer Transistors), where the ions form 
a double layer at the semiconductor-dielectric interface.71 ECTs (Electrochemical 
Transistors) refer to systems where the electrolyte ions permeate into the bulk of the 
semiconductor film.63 This is associated with higher source-drain currents due to 3-
dimensional doping of the semiconductor film, making them attractive for sensing 
applications. Electrolyte-gated Transistors (EGTs) have hence been utilized for sensing 
purposes by the attachment of capture molecules to the semiconductor72 or the gate 
electrode59 for specific quantification of chemical and biological targets. However, the 
performance of EGTs as sensors can be affected by the contact of the electrolyte 
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compartment and the sensing area, which can cause contamination of the sensing medium, 
and degradation of the semiconductor films, especially for organic semiconductors. 
Separation of these two electrolytes can be achieved by using an additional conducting 
separation element, which can address many of the aforementioned issues.  
1.3 The FGT Platform 
To overcome disadvantages associated with the contact of chemicals and the ion-gel, as 
well as complex and/or specific surface chemistries, the addition of an extra gate 
connecting the dielectric to the sensing surface called the floating gate is desirable in EGT-
based sensors. This enables the separation of the transistor materials and the sensing 
medium and prevents the aforementioned contamination and degradation issues associated 
with the contact of the primary electrolyte dielectric and the sensing medium or other 
compounds needed for dissolution of targets or attachment of capture molecules. An 
additional advantage is the possibility of using simpler and well-established chemistries 
associated with metallic electrodes such as gold, instead of methods specific to the 
semiconductor or dielectric materials. Floating or ‘extended-gate’ FET-based devices have 
been utilized since 1983 for the detection of pH,73 urea,35,74,75 proteins,37,76,77, DNA,78 and 
cancer biomarkers.79,80 The combination of floating gate and EGT (shown in Fig 1.5) was 
first reported in 2014 by White et al. at the University of Minnesota.81 This device was 
utilized for the detection of single strand DNA from the shifts created in the transfer curve 
response of the EGT. Increasing concentrations of a specific sequence of DNA in the 
sensing medium caused increasing negative shifts in the response when it bound its 




Fig 1.5. Side view schematic of the FGT device with transfer curve measurement 
circuit. The gate voltage is coupled from the control gate through the sensing medium 
(blue) to the floating gate, and then through the ion-gel (green) to the semiconductor 
(orange). Electronic connection with physical separation is achieved in this device 
structure, while also keeping the benefits of using the ion-gel dielectric.   
 
After this first demonstration of the floating gate EGT’s effectiveness, it was 
utilized for the detection of the toxin ricin in buffer solution and potable liquids such as 
milk and orange juice.82 A novel aptamer developed previously was chosen to be the 
capture agent for its superior stability towards pH and temperature.83,84 Another 
demonstration of the FGT’s protein detection capabilities came with the detection of 
gliadin, a component of the food allergen gluten.85 Multiple capture agents were utilized 
for the detection of gluten in a multiplexed fashion to determine the source of gluten in 
different types of grain. To understand the operating mechanism of the device, a study with 
ion-gel as both compartments was conducted with different interface areas and SAM 
molecule attachment, which determined that capacitive coupling and work function 
changes at the sensing surface contribute to changes in the device response.86  
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While these studies advanced the technological capabilities of the platform, 
fundamental questions remained regarding the sensing mechanism of the device. This 
thesis aims to study the response of the device towards two fundamental inputs, charge and 
capacitance, using self-assembled monolayers (SAMs) as a model system. The device 
response is further amplified and modeled to yield performance and sensitivity predictions 
that match with experimental results and thus provide guidelines for device design that 
improve user accessibility to these devices and put floating gate transistors on firmer 











Chapter 2. Materials and Methods 
An overview of the materials and experimental methods utilized in this work is provided 
here. 
2.1 Materials 
P-doped silicon wafers with a 300 nm silicon dioxide film were purchased from 
Silicon Valley microelectronics for all the studies in this thesis. Poly(3-hexyl-thiophene) 
or P3HT is the organic semiconductor tested in this work. It is a conjugated polymer with 
a thiophene backbone that enables delocalization of π-orbitals and hexyl sidechains that 
enable improved dissolution in organic solvents and crystallinity in the resulting films. 
P3HT deposited via spin coating or printing from solution creates semi-crystalline films 
with π-orbital stacking, which further enhances charge transport.87 It is a well-studied 
organic semiconductor and has been demonstrated to provide up to 1.4 cm2/Vs mobilities 
when utilized with ion-gel gate dielectrics.88 Regio-regular P3HT (80 kg/mol) was 
purchased from Rieke metals for the experiments conducted for this thesis. The ion-gel 
gate dielectric consists of a triblock co-polymer poly(styrene-ethylacrylate-styrene) or 
SEAS, and the ionic liquid 1-ethyl-3-methyl-imidazolium bis(trifluoromethyl sulfonyl-
imide) or EMI-TFSI. These constituents were mixed in a 1:9 ratio by mass to yield the ion-
gel. The styrene end blocks are glassy and do not mix with the ionic liquid solvent.89 This 
causes microphase separation and the styrene forms spherical nodes that serve as physical 
crosslinks connecting the ethylacrylate chains to form a network that spans the gel. The 
ion-gel was mixed with the solvent ethyl acetate in a 1:9 ratio by mass for printing.64  
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Fig 2.1. Alkylthiol SAM. An example of a C8-SH (octanethiol) self-assembled monolayer 
(SAM) on gold (yellow). SAMs can form ordered arrangements that can even be detected 
by XRD with characteristic tilt angles. 
 
Self-assembled monolayers (SAMs) are monolayers created by molecules 
containing a reactive end group such as a thiol (S-H) – which spontaneously form 
coordinate bonds with metal surfaces at room temperature to yield an ordered layer.90 The 
well-established and simple formation of SAMs has enabled their use in numerous sensing 
studies as the linkers between gold substrates and more complex molecules such as 
antibodies or other capture agents required for sensing purposes.91 The SAM-forming 
molecules octanethiol, decanethiol, dodecanethiol, hexadecanethiol, and 11-
mercaptoundecanoic acid (MUA), were procured from Sigma-Aldrich for use in the 
experiments conducted for this thesis. 
The second compartment in the device is created with PDMS, in the form of a well 
or a microfluidic device. Poly(dimethylsiloxane) or PDMS is a versatile and commonly 
utilized material in the fabrication of microfluidic or lab-on-a-chip devices.92 It consists of 
a liquid monomer and a crosslinker that can be mixed and heated to form a solid that can 
be cut by hand with blades or pierced with appropriately sized needles to form connecting 
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channels. The simple crosslinking allows complex and dense microchannels to be created 
from SU-8 molds on silicon wafers, which are in turn created by photolithography.93 
2.2 Techniques 
The gold electrodes and measurement pads needed to create FGT devices were 
deposited along with a chromium adhesive layer by E-beam evaporation after 
photolithography with a dark field mask. Lift-off processes removed the photoresist and 
yielded the final gold patterns. 
 
Fig 2.2. Schematic of Aerosol Jet Printing. The desired material is formulated into an ink 
(orange), which is sonicated to create an aerosol. Inert gases such as nitrogen carry the 
aerosol and deposit it onto a substrate, with a second gas stream called the sheath gas 
focusing the spray. The stage is heated to 60 oC for P3HT and ion-gel deposition, and an 
example P3HT film with gold source-drain electrodes and connecting vias is shown on the 
left. 
 
EGTs were fabricated using Aerosol Jet Printing (AJP). The material to be 
deposited was dissolved in a suitable solvent and sonicated to produce an aerosol. Nitrogen 
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gas carried the aerosol through connecting tubes and sprayed it onto the substrate (which 
is heated to 60 oC) through a 150 μm nozzle while a second gas stream known as the sheath 
focused the stream of aerosol particles. The gas streams were kept close to 15 standard 
cubic centimeters per minute (sccm) and 55 sccm respectively but were adjusted to create 
a uniform and well-defined film (as seen under a microscope attached to the printer) during 
each printing session. The organic semiconductor P3HT and ion-gel dielectric films were 
created by this method to complete the EGT. AJP is an additive manufacturing technique, 
which implies that material is only deposited where it is needed.56 Subtractive processes, 
on the other hand (such as spin coating), deposit the material on the entire substrate and 
remove the areas that are not needed, causing much higher material wastage and the need 
for extra removal steps. AJP is an extremely rapid and versatile prototyping method, which 
allows for the use of a wide range of ink viscosities to test the best operating conditions for 
the creation of thin film devices from a variety of materials. Complex patterns can be 
printed at speeds of up to several mm/s, depending on the material and design complexity. 
Printing methods are also compatible with roll-to-roll manufacturing, which promises even 
higher speeds and inexpensive fabrication of electronic devices94 and is the focus of current 
work in several research groups. 
Poly(dimethyl siloxane) or PDMS is a commonly utilized material that consists of 
siloxane (Si-O) backbone with methyl side chains which can be crosslinked to form a 
translucent material with a low glass transition temperature, and low change of elastic 
modulus with temperature, and low water incorporation.95 This makes it suitable for 
creating fluid channels for sensor devices with aqueous targets. Commercial Sylgaard 
PDMS monomer and crosslinker were mixed in a 10:1 ratio and heated at 75 oC for 2 hours 
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to enable crosslinking. Devices with channels for fluid flow (to selectively expose smaller 
sensing areas which cannot be isolated by hand-cut wells) were created from SU-8 molds 
on silicon wafers. Individual wells were cut by hand according to the sizes required by the 
experiments to encompass both the sensing area and the control gate. The fluid channels 
and wells were reversibly bonded to the silicon wafers and removed after their use is 
complete. 
Surface analysis to determine the density of self-assembled monolayers (which can 
be created using PDMS wells) on gold was carried out with Nuclear Reaction Analysis 
(NRA), a variant of Rutherford Backscattering Spectrometry (RBS) is utilized to obtain the 
monolayer surface coverage. This experiment involves bombarding the surface with a high 
energy (4.266 MeV) alpha particle (He2+) beam and recording the energy of the 
backscattered alpha particles. The particles excite carbon-12 nuclei in the sample to an 
intermediate state, which decays immediately to yield lower energy alpha particles (1.019 
MeV) and the original carbon nuclei.96,97 It has been found that (energetically) these 
collisions can be treated as elastic, similar to RBS, and a count of the number of scattered 
alpha particles enables a count of the number of carbon atoms present at the surface.97 This 
carbon count can then be utilized to determine the coverage of the monolayers.97 
Solutions of different pH (to be utilized as the aqueous secondary electrolyte) were 
created with KCl (as the electrolyte), with HCl or KOH used for pH adjustment. An optical 
Horiba handheld pH-meter was utilized to confirm the pH of the solutions before final use. 
Study specific details are stated in the relevant chapters. The testing of devices is carried 
out using Keithley source-measure units (SMUs) to sweep gate voltages (Keithley 2400), 
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and measure current (Keithley 2611B) and voltage (Keithley 2612) for transfer curves and 
inverter curves respectively. Step-by-step details can be found in Appendix C.
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Chapter 3. Role of Interfacial Charge in Chemical Sensing 
3.1 Introduction and Motivation 
The FGT device shows promise as a portable, label-free multiplexable device that 
overcomes many disadvantages of transistor-based sensor designs. However, the 
generalizability of this platform is hindered by a lack of knowledge about its sensing 
mechanism, which would allow for optimal design of the sensing surface as well as 
screening of targets and enhancement of the signal based on mechanistic optimization. To 
obtain possible sensing mechanisms, we examine the previously detected targets, past work 
on other transistor-based sensors, and a circuit analysis of the device. Previous work using 
the FGT platform has detected single strand DNA,81 ricin,82 and gluten85 – all charged 
molecules with a pKa lower than the pH of the aqueous buffer used as a sensing media. The 
FGT platform, as well as other transistor-based sensors, show a ‘shift’ in the response of 
the device upon binding of target molecules. This implies a change in the VT of the 
transistor, which in case of traditional transistor-based sensor design, is thought to be from 
a direct doping of the semiconductor channel by the charge on the molecule which causes 
a change in the effective VT of the device.
45 Analysis of the FGT circuit under quasi-static 
measurement conditions (treating each of the 4 interfaces as purely capacitive) to obtain a 
relationship between the applied voltage VG and the voltage at the floating gate, indicates 
that capacitive changes at the FG2-aqueous surface (changes in CFG2) can also cause 
 
 This chapter is reprinted (adapted) with permission from Thomas, M.S., White, S.P., Dorfman, K.D., 
Frisbie, C.D.; Interfacial Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with 
Floating Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 American 
Chemical Society. 
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changes in the device response. Previous work with OFET-based sensors has also 
suggested that capacitance changes could be responsible for the detection of targets, even 
charged molecules.98  
In this chapter, we isolate the effect of charge and analyze it quantitatively, with a 
simple and controlled experiment that uses self-assembled  monolayers (SAMs) of 11-
mercaptoundecanoic acid (MUA) exposed to buffers of different pH to generate surface 
charge at FG2. The choice of this molecule is determined by both the presence of an acid 
group (sensitive to solution pH) and a thiol group (which enables binding to the gold FG2 
surface) and the length of its carbon chain. Previous work on SAMs has shown that the 
capacitance of SAMs monolayer interfaces is a series capacitance of the carbon chain and 
the head group. Upon deprotonation, the head group capacitance increases, but depending 
on the carbon chain, the total monolayer capacitance can remain constant.99 As the carbon 
chain increases beyond 10 carbon atoms, it has been shown that the chain capacitance is 
low enough that the change in head group capacitance during deprotonation does not 
significantly affect the monolayer capacitance.100 This results in a pH independent 
interfacial capacitance for 11-MUA, which allows us to isolate the effect of increasing the 
surface charge density upon changing the pH of the aqueous electrolyte on the device 
response.99 For a quantitative comparison, we utilize a sensitive nuclear reaction analysis 
(NRA) measurement (a variant of RBS – Rutherford Backscattering Spectrometry) to 
determine the number of MUA molecules at the surface and hence the corresponding 
charge density.97 A Gouy-Chapman treatment of the electric double layer provides a well-
known relationship between the charge density at the surface and the potential created by 
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it, which is then compared with the FGT response, in the first quantitative examination of 
the charge-based response of floating gate transistor sensors in the literature.  
3.2 Experiments 
The EGT was fabricated by photolithographic processes followed by printing, as 
described in chapter 2.2. A PDMS well was reversibly bonded to the device encompassing 
the FG2 surface. The well was filled with a 1 mM solution of MUA in ethanol and left to 
functionalize for 4 hours, with the well replenished every 10 minutes to prevent the solution 
from drying. The solution was removed from the well after 4 hours and the well was 
debonded manually from the wafer. Another well is attached to the wafer that encompasses 
the sensing area and the control gate. The well was filled with different pH solutions and 
transfer curve measurements are made for each solution. The well was rinsed with DI water 
between the addition of each new buffer.     
The buffers were prepared with KCl as an electrolyte, and KOH and HCl used for 
pH modification. A handheld Horiba pH meter was used to confirm the pH of the buffers 
before measurements. The measurements were conducted with a Keithley 2611B source-
measure unit for applying the drain voltage and measuring the current, and a Keithley 2400 
source-measure unit utilized for applying the gate voltage. 
3.3 Results and Discussion 
To analyze the response of the FGT device, it is worth examining the response of a 
typical EGT first. The most common measurement is a transfer curve, as described in 
chapter 1.2. 
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Fig 3.1. Example Transfer Curve.101 An example of a transfer curve measurement with 
the channel dimensions utilized in this study. The right y-axis shows the drain current (ID) 
as a function of gate voltage (VG). The forward and reverse sweeps are measured with 50 
mV/s. The on/off ratio is found to be 105 within a 1 V range. The left y-axis shows the 
square root of drain current (ID
1/2) plotted vs VG. A linear fit yields a threshold voltage VT 
of -0.36 V, and a mobility of 0.8 cm2/Vs. Reprinted (adapted) with permission from 
Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial Charge Contributions 
to Chemical Sensing by Electrolyte Gated Transistors with Floating Gates, Journal of 
Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 American Chemical 
Society. 
 
An example EGT transfer curve measurement is shown in Fig 3.1. The source 
terminal is grounded, while the drain terminal is kept at -0.5 V (VD) and the gate voltage 
(VG) is swept between 0.8 V to -1 V. The off state, seen at positive voltages here, results 
in low drain currents of 0.1-1 nA, while the on state yields currents as high as 100 μA. For 
the example shown in Fig 3.1, ID is seen to increase from 1 nA to 200 μA in the span of 1 
V, which exemplifies the low voltage operation characteristics of EGT devices. The on/off 
current ratio is found to be more than 105. The value of VD and VG corresponds to the 
saturation regime operation (as described in chapter 1.2), and the saturation current 
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equation can be used to extract important device parameters. The square root of both sides 
of Eq 1.2 yields  
ID





(VG − VT)                                                 (3.1), 
where μ is the device mobility, Ci is the semiconductor/dielectric interfacial capacitance, 
W and L are the channel width and length respectively, and VT is the threshold voltage of 
the device. A linear fit between ID
1/2 and VG is used to obtain μ and VT, knowing the device 
dimensions and dielectric interfacial capacitance. The mobility calculated for 35 EGT 
devices in this study is 0.7 ± 0.2 cm2/Vs, and the threshold voltage is -0.3 ± 0.2 V (mean 
and standard deviation is reported here). VT shifts are utilized to assess the changes in 
device response caused by the accumulation of surface charge during MUA deprotonation. 
 
Fig 3.2. Example Charge Response.101 (A) Transfer curves for a MUA-functionalized 
FGT device exposed to increasing values of pH. The curves switch on at more negative 
voltages as pH is increased. (B) The VT shifts calculated with pH = 4 as reference are 
plotted vs pH. A sigmoidal fit yields ∆VT,max ~ 300 mV and (inflection point) pKa = 7.2. 
The error bars represent one standard deviation for five devices tested. Reprinted (adapted) 
with permission from Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial 
Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with Floating 
Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 
American Chemical Society. 
A) B) 
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We exposed MUA functionalized FGT devices to pH 4 - 10, and recorded transfer 
curves at each pH value. An example device response is shown in Fig 3.2a, with increasing 
pH values shown in cold to hot colors (blue to red). The transfer curves are shifted 
negatively as pH is increased (and excess charge is localized at the sensing area), while the 
shape of the curves remains similar. This implies an excess potential that must be applied 
to the same device to switch it on. This change in the VT (or switch-on voltage) is plotted 
against the pH in Fig 3.2b, and each point represents the average and standard deviation of 
the shift of 5 separate FGT devices. The data follows a sigmoidal curve characteristic of 
an acid/base titration with plateaus at low and high pH values of 0 and 300 mV respectively. 
A sigmoidal fit yields an inflection point of 7.2, typically associated with the pKa for a 
traditional acid/base titration. This value is similar to the pKa for MUA monolayers 
reported in literature, as measured by techniques such as surface plasmon resonance 
(7.2),102 contact angle (7.3)103 and electrochemical titration (7.2).104 The titration curves for 
another acid and a base are shown in Fig A.1, and the extracted pK1/2 values also match 
previously reported literature values.105 Our goal is to relate the surface charge density to 
the potential response and the density of the monolayer is a crucial piece of information 
required for this task. A surface density of 3.2 mol/nm2 is obtained using NRA 
measurements for monolayers assembled with the same functionalization protocol as the 
FGT sensing experiments. An example NRA spectrum is shown in Fig A.2. The surface 
density is found to be close to previous values for SAMs on gold, using backscattered alpha 
particles to extract a carbon count for the surface.96,97  
The two plateaus at either end of the sigmoidal curve in Fig 3.2b represent states at 
which the monolayer charge is not significantly affected by changing the pH (for pH values 
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far enough from the pKa), i.e., negligibly charged or fully charged. The difference between 
these two plateaus is hence considered to be the potential generated upon complete 
charging of the monolayer. The surface charge density at complete ionization can be 
calculated by multiplying the molecular density with the charge of a single electron, as 
each molecule has one acid group that can be deprotonated. This charge density can be 
related to the potential through a Guoy-Chapman treatment of the electric double layer at 
the FG2-aqueous interface. The solution of Poisson’s equation for a metal-electrolyte 
interface yields the following relationship between the excess potential at the interface 
(compared to the bulk electrolyte) and the interfacial charge density:65 






)                                       (3.2). 
This is also known as Grahame’s equation. Here, ϕ is the potential at the interface, σ  is 
the surface charge density, e is the electronic charge, ε is the dielectric constant of the 
medium (water), ε0 is the permittivity of free space, k is Boltzmann’s constant, T is the 
temperature, NA is Avogadro’s constant, and Cions is the concentration of ions in the solution 
bulk. Using the values of the aforementioned physical constants, the surface charge density, 
the temperature and the electrolyte concentration, the excess potential is found to be 290 
mV, close to the 310 mV shift obtained from the transfer characteristics. This indicates that 
the transistor is a sensitive transducer for charge-based signals and that the shifts can be 
approximated by Grahame’s equation, derived from well-established Guoy-Chapman 
double layer theory. 
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Fig 3.3. Concentration dependence of charge signals.101 (A) 1 mM and 1 M titration 
curves. Signal (shift) is suppressed with increasing electrolyte concentration. (B) 
Maximum VT shifts, calculated from a sigmoidal fit to VT vs pH curves, are plotted against 
concentration, along with the Grahame’s equation. Electrolyte concentrations of 1 mM and 
higher are close to the theoretical prediction, with a difference in slope. Error bars represent 
one standard deviation for measurements on 5 separate devices. Reprinted (adapted) with 
permission from Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial 
Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with Floating 
Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 
American Chemical Society. 
 
To further validate Grahame’s equation as a predictor for the FGT response, we 
examine the effect of two important variables that affect the device response – the 
electrolyte concentration and the density of ionizable molecules at the surface. We 
increased the electrolyte concentration from 0.1 mM to 1 M and repeated the pH titration 
experiments for each value. Titration curves for 1 mM (the original experiment) and 1 M 
are shown in Fig 3.3a, with the remaining curves shown in Fig A.3. It can be seen that the 
higher concentration dampens the response of the device, which is consistent with charge 
screening of the deprotonated monolayer, which reduces the excess potential created by it. 
This also changes the pKa value for the monolayer, and the obtained trends are shown in 
Fig A.4 in appendix A. Fig 3.3b shows the experimentally calculated total shifts (difference 
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between the plateaus) in black, and the prediction of Grahame’s equation in blue. The 
prediction matches experiments closely from 1 mM to 1 M electrolyte concentrations, with 
a moderate difference in the slope – the experimental slope is -75 mV/decade, while the 
predicted slope is -59 mV/decade. This is attributed to the effects of ion-ion interactions, 
which are not accounted for by traditional double-layer theories, and could also be caused 
by electric field driven desorption, or dimerization of MUA molecules due to hydrogen 
bonding.106 The experimental measurement at 0.1 mM deviates from the predicted value, 
and this is believed to be the result of inadequate surface concentration of ions needed to 
completely deprotonate the monolayer at low bulk electrolyte concentrations. 
 
Fig 3.4. Surface Density Dependence of Charge Signals.101 Titration curves with 
different MUA/Octanethiol fractions are shown here. Red shows 100% MUA, light blue 
shows 50%/50% MUA/Octanethiol, and dark blue 10%/90% MUA/Octanethiol. The inset 
shows the maximum shifts vs the MUA fraction and confirms the increasing trend of 
signals with MUA fraction and hence surface charge density (at maximum ionization). 
Error bars represent one standard deviation for 5 separate devices. Reprinted (adapted) with 
permission from Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial 
Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with Floating 
Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 
American Chemical Society. 
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The second important variable that is changed is the surface charge density. We 
prepared mixed monolayers of MUA and octanethiol for this experiment. This consists of 
mixing different molar ratios of MUA and octanethiol with ethanol (with the same total 
concentration of 1 mM) and functionalizing the sensing area with these solutions for 4 
hours. The result is a mixed monolayer of MUA and octanethiol.107–109 The higher the 
fraction of MUA in the solution, the more MUA molecules are present in the final 
monolayer.100 Octanethiol does not have any ionizable group, and hence does not 
contribute to the charge density when the solution pH is increased. This provides a simple 
method to control the number of MUA molecules, and hence the number of acid groups at 
the surface. Titration curves for MUA fractions of 0.1, 0.5 and 1 (the original experiment) 
are presented in Fig 3.4, with the electrolyte concentration fixed at 1 mM. The FGT 
response  is diminished as the fraction of MUA is reduced, which is reducing the surface 
charge density. The inset provides a plot of the maximum shift against the MUA fraction 
and this shows the positive trend obtained by increasing the density of pH-responsive 
molecules at the surface. 
3.4 Conclusion 
The FGT device has been utilized for the detection of proteins and DNA in liquids, 
but the mechanistic understanding of its sensing capabilities was lacking, which hindered 
the screening of possible targets and further optimization of the platform. In this study, 11-
mercaptoundecanoic acid (MUA) monolayers were bound to the surface of the sensing 
area, and deprotonated by exposure to solutions of increasing pH, to examine the effect of 
surface charge density on the device response. Transfer curves measured for each pH value 
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show that increasing the pH, and hence the charge density, produces shifts in the response, 
with the device switching on at progressively more negative voltages. The shifts plotted 
against the pH of the solution yield titration curves similar to acid/base reactions, with the 
calculated pKa close to previously reported values. A surface analysis with NRA 
experiments  shows a density of 3.2 MUA molecules/nm2, and the maximum shift is 
predicted quite closely by Grahame’s equation, a product of Gouy-Chapman electric 
double layer theory. Further validation of this theory is provided by changing the 
electrolyte concentration and repeating the experimental measurements. The transistor 
response is lowered due to increased screening of charges at higher concentrations. 
Grahame’s equation is found to predict the transfer curve shifts well from electrolyte 
concentrations of 1 mM to 1 M, with a small difference in the predicted slope. In separate 
experiments, mixed monolayers of MUA and octanethiol are utilized to decrease the 
number of ionizable molecules in the monolayer, and hence decrease the surface charge 
density. This causes the maximum shift to decrease as the surface charge density at 
maximum ionization is lowered due to the incorporation of octanethiol (a molecule with 
no ionizable group) at the surface.  
This work demonstrates the first quantitative sensing and theoretical comparison of 
charge-based inputs using a floating gate transistor platform and puts floating gate 
transistor devices on a firmer footing for chemical detection in the context of charge-based 
sensing, which is an important mechanism for the detection of biologically relevant targets 
in aqueous media.  
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Chapter 4. Capacitance Detection and Signal Amplification 
4.1 Introduction and Motivation 
A significant push for chemical sensing in recent years has come from the need to 
continuously monitor chemicals associated with the human body, to extend functionalities 
associated with wearable electronics. This requires the fast and quantitative detection of 
hormones, food components and even small molecule drugs in fluids such as sweat, urine 
or blood.59,110–112 A challenge in this regard for transistor-based sensors is the lack of charge 
on many of these targets at pH ~7, as well as charge screening in bodily fluids with high 
ionic strengths. One common solution is to detect changes in double layer capacitance upon 
the binding of these molecules to different targets with methods such as electrochemical 
impedance spectroscopy (EIS). EGT-based devices, however, are often not suitable for 
dynamic measurement techniques such as EIS. This is due to the lower mobility of the ions 
that comprise the ion-gel gate dielectric, that can cause artifacts such as voltage spikes and 
lagging responses as the ions are not able to respond fast enough to high frequencies, and 
the performance of EGTs begins to lag between 1-10 kHz.113 Recently, artifact-free 
dynamic EGT performance has been demonstrated for frequencies up to 1 MHz. However, 
this method adds several more steps and complexity to the device fabrication, which can 
negate one of the main advantages of EGT-based devices for sensing – simple and fast 
fabrication.114  
 
 This chapter is based on Thomas, M.S., Dorfman, K.D., Frisbie, C.D.; Detection and Amplification of 
Capacitance and Charge-based responses by Floating Gate Electrolyte Gated Transistors, Flexible and 
Printed Electronics (2019), 4(4), 044001, first published on November 1st, 2019. DOI: 




Fig 4.1. Changes at the sensing surface.115 C8 to C16 alkylthiol monolayers are bound to 
FG2 (sensing area) to decrease the capacitance. MUA monolayers are bound to FG2 and 
exposed to pH 4 and pH 10 to generate surface charge to compare with the response to the 
capacitive inputs. 
 
While the trade-off between fabrication complexity and high frequency operation for EGT-
based sensing must be considered separately for each application, the detection of 
capacitance in a manner that avoids dynamic measurements is highly desirable and 
undemonstrated in the literature so far for floating gate devices.  
In this study, we systematically change the capacitance of the FG2-aqueous 
interface with alkyl thiol self-assembled monolayers and amplify the responses with a 
simple inverter circuit. We compare these responses to that of charge-based inputs with 
MUA monolayers exposed to different pH values and identify distinct signal characteristics 
that can be utilized to distinguish between the two responses (Fig 4.1). 
4.2 Experiments 
EGT devices were fabricated on Si/SiO2 wafers as detailed in chapter 2. Ethanolic 
solutions of C8-, C10-, C12-, and C16-thiols were exposed to the sensing area (FG2) for 4 
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hours using a PDMS well. The PDMS well was removed and replaced with another one 
that encompassed both the sensing area and the control gate for measurements. This well 
was filled with an aqueous 10 mM KCl solution as an electrolyte. Transfer curves were 
measured with Keithley SMUs applying and measuring voltage as described in Chapter 3, 
controlled by a LabView code. Inverter curves were measured as follows – Keithley 2400 
applying gate voltages, Keithley 2611B applying the supply voltage, Keithley 2612 
measuring the output voltage. For comparison with charge-based measurements, a similar 
device fabrication and functionalization protocol was followed, but with MUA SAMs. The 
measurement was completed with pH 4 to pH 10 solutions, that were prepared with 10 mM 
KCl as electrolyte and HCl or KOH added to change the pH appropriately. The pH of the 
aqueous secondary electrolyte solutions was checked with a commercial handheld pH 
meter before use, similar to chapter 3.  
Cyclic Voltammetry was conducted to obtain the capacitance of the alkylthiol 
monolayers independently for sensitivity calculation. The measurements are shown in Fig 
B.1 in appendix B. A commercial Ag/AgCl reference electrode, Pt counter electrode, and 
a gold working electrode on Si/SiO2 wafer was utilized for the measurement, and a 
potentiostat applied and measured the voltage and current respectively. Monolayers 
prepared using the same protocol as that for FGT sensing area functionalization were tested 
at different sweep rates and their specific capacitance was calculated from the resulting I-




4.3 Results and Discussion 
The first part of the discussion focuses on the understanding of the inverter circuit 
response and its relationship to the transfer characteristics of the device. 
 
 
Fig 4.2. Inverter and Transfer Measurements.115 (a) FGT device diagram with the 
transfer (ID-VG) curve circuit. VG is coupled through the aqueous electrolyte to the floating 
gate, and further through the ion-gel to the channel, while VD is applied across the source-
drain terminals. The channel material (orange) is P3HT, while green represents the ion-gel. 
(b) An example transfer (ID-VG) curve for a FGT. W and L are the width and length of the 
semiconductor channel. (c) Schematic of a FGT-based, resistor-loaded inverter. VG is 
applied at CG, supply voltage (VDD) is applied across both FGT and the load resistor, and 
VOUT is measured between the channel and the load resistor (RL). (d) A typical inverter 
output curve. This figure is taken from Thomas, M.S., Dorfman, K.D., Frisbie, C.D.; 
Detection and Amplification of Capacitance and Charge-based responses by Floating Gate 
Electrolyte Gated Transistors, Flexible and Printed Electronics (2019), 4(4), 044001, first 
published on November 1st, 2019. DOI: https://doi.org/10.1088/2058-8585/ab4dcf. © IOP 




Fig 4.2a and Fig 4.2b shows the circuit and transfer response of an FGT and Fig 4.2b and 
Fig 4.2d shows the corresponding inverter circuit and response for the same device with a 
1 MΩ load resistor. The inverter works by adding a load resistor in series with the transistor 
device and measuring the voltage between these two elements instead of the current at the 
drain terminal.66,116,117 The output voltage moves between the two fixed values at either 
end of the series circuit – the ground (0 V) and the supply voltage VDD, kept at -0.5 V here. 
The transition between the two voltages is responsible for the amplification provided by 
the device.  
When a reference and sample inverter are subtracted, the transition segments yield 
a signal peak (similar to the subtraction of two sigmoids), which is larger than the shift 
between the two curves. The signal peak (for a lateral shift) is amplified by the device Gain 
(defined as -dVOUT/dVG), which is the negative slope of the aforementioned transition. It 
follows that a larger value of gain provides better amplification. Another advantage of the 
inverter curve is that it provides fixed reference points (ground and VDD) to compare 
inverter curves between two different devices. EGT transfer curves can have currents differ 
by up to an order of magnitude between two devices measured with the same voltage range 
(due to differences in VT), as evidenced by on/off current ratios ranging between 10
4-106 
between printed devices with the same channel dimensions and materials.81,88 This makes 
a simple subtraction-based signal for transfer curves hard to compare for separate devices.  
The first experiment compares a C12-monolayer functionalized device to a control 
device with no monolayer. The sensing area of the device was functionalized with a C12 




Fig 4.3. Capacitance sensing.115 (a) Transfer curves for a control device with no SAM, 
with VG applied at either CG or FG2. (b) ID-VG for a sample device with a C12-SH SAM 
on FG2. The red curve is shifted so that its ID crosses 1 μA at the same VG as the black 
curve. The x-axis is consequently labeled VG*. The slope of the red trace is clearly lower 
than the black trace. (c) Inverter measurements for the control device with no SAM. The 
subtracted signal between the two curves is shown in blue, which refers to the right-hand 
y-axis. Because the red and black curves overlap, the difference signal in blue is negligible. 
(d) The inverter curve for the sample device with a C12-SH SAM. The red curve measured 
at CG is shifted so that the VG at which VOUT crosses -0.49 V is the same for both curves, 
hence again the x-axis is labeled VG*. The gain (max slope) of this curve is reduced due to 
the presence of the SAM, which reduces the capacitive coupling. The blue difference signal 
thus exhibits a pronounced peak. This figure is taken from Thomas, M.S., Dorfman, K.D., 
Frisbie, C.D.; Detection and Amplification of Capacitance and Charge-based responses by 
Floating Gate Electrolyte Gated Transistors, Flexible and Printed Electronics (2019), 4(4), 
044001, first published on November 1st, 2019. DOI: https://doi.org/10.1088/2058-
8585/ab4dcf. © IOP Publishing. Reproduced with permission. All rights reserved. 
 
The two measurements provide a comparison of the circuit that includes the FG2 surface 





are nearly identical, which affirms the lack of potential drop across the FG2 circuit when 
it is included in the circuit.  
 
 
Fig 4.4. Charge Sensing.115 (a) Transfer curves for a control device with no SAM at FG2. 
The curves with pH 4 and pH 7 overlap, indicating no difference in response to the solution 
pH. (b) Transfer curves for an example device with a MUA SAM at FG2. The pH 7 solution 
yields a shifted transfer curve due to the deprotonation of the MUA layer and the 
consequent charge accumulation at the FG2 surface. (c) Inverter measurements for the 
control device with no SAM. The difference signal between the two curves is shown in 
blue, with the corresponding scale on the blue right-hand y-axis. The two inverter curves 
overlap, and the signal peak is negligible. (d) The corresponding inverter curve for the 
MUA-coated device, with the difference signal shown in blue. The pH 7 curve is shifted 
negatively compared to the pH 4 curve, and the difference signal generated upon 
subtracting the two curves is symmetrical around its 160 mV peak. This figure is taken 
from Thomas, M.S., Dorfman, K.D., Frisbie, C.D.; Detection and Amplification of 
Capacitance and Charge-based responses by Floating Gate Electrolyte Gated Transistors, 
Flexible and Printed Electronics (2019), 4(4), 044001, first published on November 1st, 
2019. DOI: https://doi.org/10.1088/2058-8585/ab4dcf. © IOP Publishing. Reproduced 





In comparison to this control, when the FG2 surface with a C12 monolayer is 
included in the circuit, as shown in Fig 4.3b, the slope of the curve is lowered, which results 
in the final current being reduced by 50% compared to the measurement of the transistor 
alone. This is caused by the reduction of capacitance due to the presence of the monolayer 
at the FG2 surface. Fig 4.3c shows the corresponding inverter curve for the control device. 
The two curves measured for the control device are close to each other resulting in a signal 
peak of about 10 mV. In contrast, the inverter curves for the sample device in Fig 4.3d with 
a C12 monolayer at the surface, show a considerable difference. The slope of the transition 
from VDD to ground is smaller, and larger voltages are required to obtain VOUT = 0 V. This 
results in a signal peak that is skewed negatively and the peak itself is found to be 160 mV, 
which can be clearly differentiated from the control signal peak of 10 mV obtained for a 
device with no monolayer at the surface.  
To compare the capacitive signals with charge-based signals, another experiment 
was conducted where MUA monolayers are attached to the FG2 surface and exposed to 
pH 4 and pH 7. As the pKa of MUA is close to 7,
103,104 the partial deprotonation of MUA 
should cause interfacial charge creation at FG2. The corresponding negative control device 
in Fig 4.4a has a bare gold FG2, which yields transfer curves that are nearly identical when 
exposed to pH 4 and pH 7, with small differences which could be caused by preferential 
adsorption of ions to the FG2 surface.118 The sample device with MUA-functionalized FG2 
is exposed to pH 4 and pH 7, causing a shift between the two transfer curves as shown in 





Fig 4.5. Comparison of capacitance and charge responses.115 (a) Inverter curves for 
devices with C8-, C10-, C12-, and C16-SH SAMs. The curves are shifted so that VOUT = -
0.49 V occurs at the same VG for all the curves. Gain decreases with the length of the 
molecules in the SAM at the FG2 surface, as expected. (b) Inverter curves for an example 
device with a MUA SAM exposed to solutions with pH = 4 - 10. As pH increases, the 
curves shift negatively due to a larger negative surface charge density at FG2. (c) 
Difference signals generated by subtracting the inverter curves in (a), with the C8-SH curve 
serving as the reference. The difference curves are skewed negatively, and the peak and 
skew are larger for thicker SAMs. The inset shows signal peaks plotted against the specific 
capacitance of the FG2-aqueous electrolyte interface. (d) Difference signals from the 
shifted inverter curves for the sample device with a MUA SAM. Inset shows signal peak 
vs charge density at the FG2 surface. This figure is taken from Thomas, M.S., Dorfman, 
K.D., Frisbie, C.D.; Detection and Amplification of Capacitance and Charge-based 
responses by Floating Gate Electrolyte Gated Transistors, Flexible and Printed Electronics 
(2019), 4(4), 044001, first published on November 1st, 2019. DOI: 
https://doi.org/10.1088/2058-8585/ab4dcf. © IOP Publishing. Reproduced with 
permission. All rights reserved. 
 
The corresponding inverter curves also reflect this difference and upon subtraction, 




peak. This differs from the capacitive difference curve in shape, as the capacitive curve 
skews negatively. The peak of the charge-based signal is found to be 160 mV, while the 
corresponding control device yields a difference curve with a peak close to 10 mV, which 
is an order of magnitude smaller than that obtained for the sample device. This 
measurement, along with the previously described capacitance-based signal, provide an 
indication that both charge and capacitance-based signals could be detected by the device. 
Additionally, the change in slope observed in capacitive signals and the lack of slope 
change observed in charge-based signals could provide a method of distinguishing between 
the origin of signals for different analytes based on signals alone. 
The two responses are compared more thoroughly using a series of experiments 
with both alkylthiol and acid-terminated thiols. Devices with C8-, C10-, C12-, and C16- 
thiol monolayers are measured to obtain the cascading set of measurements in Fig 4.5a. 
With C8 as a reference, the other inverters are subtracted to yield difference curves that are 
increasingly skewed as the length of the molecule and consequently the thickness of the 
monolayer is increased and hence the capacitance is decreased. The lower capacitive 
coupling at FG2 requires more negative voltages to switch on the devices. The signal peaks 
shown in Fig 4.5c increase with increasing monolayer capacitance, as the difference 
between the monolayer and the reference C8 monolayer increases. A capacitance 
sensitivity of 70 mV/(μF/cm2) is calculated FG2/channel area = 1000. 
For charge sensing, a FGT device with MUA-functionalized FG2 surface was 
exposed sequentially to pH 4, 6, 8, and 10 solutions to increase the charge density and 
record the device sensitivity towards charge. The inverter curves measured at different pH 
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are shifted laterally, as shown in Fig 4.5b, as observed in the previous study on the role of 
interfacial charge. The laterally shifted responses yield the symmetric difference curves 
depicted in Fig 4.5d, unlike the curves observed for capacitance-based inputs. Signal peaks 
of up to 300 mV are observed for 10 mM electrolyte concentration, and the surface charge 
density obtained during previous work with MUA monolayers is utilized to calculate a 
charge sensitivity for FG2/channel area = 1000. The response is non-linear, as can be 
expected from our understanding of the relationship between surface charge and the 
potential (hyperbolic sine) it creates across the double layer. The average slope between 
each consecutive point yields a charge sensitivity of 40 mV/(μC/cm2). 
4.4 Conclusion 
To demonstrate the utility of EGT-based sensors in the detection of neutral 
molecules – an important class of targets for the monitoring of human health and the 
environment, alkylthiol SAM was bound to the sensing surface and the device response 
was recorded, with a bare gold FG2 surface as a negative control. Inverter curves were 
utilized to amplify the responses and yielded a skewed difference curve upon subtraction 
from a reference EGT measurement. A decrease in capacitive coupling was observed upon 
the presence of the monolayer, with the control yielding a negligible signal. To further 
validate the capacitance sensing characteristics of the FGT device, SAMs of increasing 
lengths (C8 to C16) were bound to the sensing surface and increasing the lengths of the 
molecules resulted in increasingly skewed difference curves. Difference curve peaks 
ranging from 50 mV to 200 mV were utilized to calculate a capacitance sensitivity of 70 
mV/(μF/cm2). To contrast this response with the previously studied charge response, 
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MUA-functionalized devices were exposed to solutions of pH 4 to 10. The measured 
inverter curves were shifted laterally, and yielded symmetric difference curves upon 
reference subtraction, and control device of bare gold sensing areas yielding flat difference 
curves. The peaks were used to calculate a sensitivity of 40 mV/(μC/cm2).  
This work demonstrates the possibility of EGT-based capacitance detection at 
quasi-static measurement modes and provides distinguishable characteristics between the 
charge and capacitance based responses of the device. Additionally, it also addresses the 
issue of chemical detection without the use of charge-based inputs or high frequency 










Chapter 5. Modeling and Sensitivity Predictions 
5.1 Introduction and Motivation 
The previous studies focused on understanding the charge and capacitance sensing 
capabilities of the FGT device for a fixed device design (throughout each study). In this 
chapter, the device design is changed and its impact on sensitivity is investigated. A model 
for the device response is developed by adapting existing transistor equations to the FGT 
inverter, which can be fit well to EGT responses. The model predictions are compared with 
experimental values of inverter gain,  capacitance sensitivity, and charge sensitivity. 
Important variables and variable groups that can reliably predict the device response are 
identified for better understanding and optimization of the device. These include a 
parameter that includes material performance and load resistor value, a factor that accounts 
for the capacitive coupling of applied gate voltage in the device, and the intrinsic threshold 
voltage of the semiconductor. Finally, a set of recommendations is provided for charge and 
capacitance sensing which are generally applicable to all floating gate transistor devices, 
not just EGTs. 
5.2 Modeling 
We begin by deriving a model for predicting VOUT vs VG. This can be divided into 
two sections – deriving a model for VOUT vs VIN (the potential in the ion-gel gate dielectric), 
and then deriving a relationship between VIN and VG. 
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Fig 5.1. Device/Circuit Structure and Design. (a) Side-gated EGT device structure and 
inverter measurement circuit. VG is applied at the gate pad, supply voltage (VDD) is applied 
across both EGT and the load resistor (RL), and VOUT is measured between the channel and 
the load resistor. The semiconductor channel (orange) consists of P3HT. (b) The 
corresponding FGT device with the inverter circuit used for measurement. Key interfacial 
capacitances C0, C1, C2 are labelled; C2 is a lumped capacitance for CG and FG2 surfaces, 
but C2 effectively tracks the capacitance of the FG2-aqueous electrolyte interface because 
the area of the control gate (CG) is kept at least 10x larger than the area of FG2. (c) Top-
view scheme of the FGT device in (b) showing the different components such as the 
channel, FG1, FG2, CG and the electrolytes contacting them, along with the source, drain 
and CG pads for measurement. The diagram shows the cascading areas of CG, FG2, FG1, 
and channel. To show all relevant details, the figure is not to scale. 
 
Fig 5.1 reiterates the FGT device and inverter circuit used for this work. The potential is 
dropped across the transistor and the load resistor based on the dynamic resistance of the 




                               
Fig 5.2. Inverter Circuit Simplified. The EGT or FGT is connected in series with a 
resistor and VOUT is measured between the two. The supply voltage VDD is kept at -0.5 V, 
and the source terminal of the transistor is grounded. The current flowing through the 
circuit is marked as I, which has a negative sign according to the convention (flowing from 
supply to ground terminal).    
 
A proxy for this dynamic resistance is the current flowing through the source drain channel, 
similar to Eq. 1.1 
ID =  −
μCiW
L




]                                    (5.1) 
where μ is the device mobility, Ci is the semiconductor/dielectric specific capacitance, W 
and L are the width and length of the channel, and VT is the threshold voltage of the device. 
The formula for ID shown here is called the square law equation. The negative value results 
from the assumption of current direction, from supply to ground in the circuit as a whole. 
This equation yields the two regimes (saturation and linear) in Eq 1.2 and Eq 1.3, based on 
the voltage at the dielectric and the voltage at the drain terminal, assuming the source is 
grounded. Here the voltage at the dielectric is VIN, and the drain terminal is the voltage 
VOUT. As VOUT depends on VIN, the regime of ID also changes as VIN is changed during a 
single sweep. This is a key difference between the inverter operation and traditional 




The circuit shown in Fig 5.2 (with VDD = -0.5 V) yields the equation  
VDD − IRL = VOUT                                                    (5.2). 
Substituting ID as the series current I into this equation gives us 




]                            (5.4). 
This can then be solved to obtain the value of VOUT as a function of VIN. The quadratic 
equation yields two solutions, and the negative one is selected (as VDD < VOUT < 0) 
VOUT = (VIN −  VT − V0) + [(VIN − VT − V0)
2 + 2V0VDD]
1/2                (5.5). 
We can now check for the limits of validity for this equation. We have already imposed 
VOUT < 0 by selecting the negative root, and as VOUT must always be real in a quasi-static 
measurement, an additional criterion that VOUT must be real is imposed. Consequently, the 
discriminant of the quadratic equation in Eq 5.4 must be positive. This gives us the limit 
VIN −  VT < V
∗                                                        (5.6), 
with 
V∗ =  −√−2V0VDD + V0                                                 (5.7) 
serving as the transition point between the full square law region, and the saturation current 
region. 
For VIN - VT values greater than V*, this implies that we need to make reasonable 
assumptions to change Eq 5.5 to a physically realistic formula. From chapter 1.2, we know 
that when the source-drain potential is high enough, all the charge carriers generated in the 
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semiconductor are swept across by the voltage, and the effective drain voltage remains the 
same, upon further increase of the applied drain voltage. This results in the saturation 
regime operation described previously in chapter 1.2. The right-hand side in Eq. 5.4 is 
substituted as VIN - VT to yield a new equation for VOUT that is valid for VIN - VT > V* 




                                                (5.8). 
The summary of the relationship between VOUT and VIN can hence be summarized as  
VOUT = {
VDD
VDD +  (VIN −  VT)
2/2V0
(VIN −  VT − V0) + [(VIN − VT − V0)
2 + 2V0VDD]
1/2
   
for 
VIN − VT < 0
0 > VIN − VT > V
∗
VIN − VT < V
∗
    (5.9). 
The next step is to obtain a relationship between VIN and VG, which is made significantly 
easier by the quasi-static measurement mode, which allows the treatment of all four 
interfaces in the device as purely capacitive. The capacitance of the FG2 and CG surfaces 
is lumped to form C2, and the channel and FG1 capacitances are named C0 and C1 
respectively. A series sum of these capacitances yields VIN = κVG, where 
κ =  
C1C2
C1C2+ C1C0+C0C2
                                                   (5.10). 
The variable κ can be further split into κEGT × κCG, for  
κEGT =  
C1
(C1+C0)
                                                    (5.11), 
and 
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κCG =  
(C1+C0)C2
C1C2+ C1C0+C0C2
                                             (5.12). 
This splitting provides a convenient way to represent the capacitive losses at each interface 
or group of interfaces. The relationship between VG and VIN is substituted into Eq. 5.9  to 
yield the relationship between VG and VOUT 
VOUT = {
VDD
VDD +  (κVG −  VT)
2/2V0
(κVG −  VT − V0) + [(κVG − VT − V0)
2 + 2V0VDD]
1/2
   
for 
κVG − VT < 0
0 < κVG − VT < V
∗
κVG − VT > V
∗
  (5.13).    
An additional element must be added to this analysis to account for potential shifts at FG2. 
If we assume that the potential drop at CG is negligible, and the potential in the sensing 
medium is uniformly VG, the potential shift can simply be added to VG, resulting in a 
potential of VG – ϕ that must be coupled capacitively to the channel. This is consistent 
with the understanding of the charge response described in chapter 3. ϕ can be expanded 
as Grahame’s equation, which results in a term nonlinearly dependent on electrolyte 
concentration and surface charge density, as described in chapter 3. With the added 
assumption that ϕ is during a measurement, we obtain the final form of the equation  
VOUT = {
VDD
VDD + (κVG −  VT − κϕ)
2/2V0
(κVG −  VT − κϕ − V0) + [(κVG − VT − κϕ − V0)
2 + 2V0VDD]
1/2
   
for 
κVG − VT − κϕ < 0
0 < κVG − VT − κϕ < V
∗
κVG − VT − κϕ > V
∗




Fig 5.3. EGT and FGT responses.115 (a) The measured inverter curve for the EGT (black) 
along with the model fit to the data, shown in red. W and L are the width and length of the 
semiconductor channel respectively. The RMSE for the three-parameter fit is found to be 
12 mV (see text). (d) The measured FGT inverter output is shown in black, and the 
prediction for the FGT device, based on parameters extracted from the EGT inverter fit, is 
shown in red. The RMSE is found to be 13 mV. The FG2 area is kept large (10,000x the 
semiconductor channel area), and the resulting curve is similar to the EGT due to negligible 
potential drop across FG2 and CG.  
 
This representation now allows us to identify the five parameters that can affect the 
response of the device: VT, V0, κ, VDD, and ϕ. VT is the intrinsic threshold voltage of the 
semiconductor and V0 can be thought of as the transconductance (dI/dVIN) of the device 
normalized by VOUT and multiplied by the load resistance RL. κ is the capacitive coupling 
constant, VDD is the supply voltage, and ϕ represents excess potentials introduced at the 
sensing area (FG2). Of these, κ can be modified continuously by changing the area of the 
FG1, FG2, and CG surfaces. V0 can also be altered by changing the channel dimensions, 
or the load resistance value, as well as by using different semiconductor or dielectric 
materials. The effect of load resistance is depicted in Fig B.2. VT is generally not modified 
easily independently in a controlled fashion, and ϕ usually corresponds with an input which 
is being detected. This suggests that V0 and κ are the parameters that can be tuned by 
a) b) 
51 
changing the geometry of the device, once the materials, and consequently, the operating 
parameter limits (VDD and RL) are known. 
To test the validity of the model against a known inverter, we use a previously 
measured EGT inverter curve as a reference. Since the model is derived more generally for 
a FGT, it can be adapted easily for an EGT. κCG is set to 1 (which means κ = κEGT) and ϕ 
is set to 0 V to obtain the EGT model. This simplified model is fit to the inverter response 
for the EGT shown in Fig 5.3a with VDD = -0.5 V (this is the supply voltage used in 
experiments), and the minimum RMSE fit (RMSE = 12 mV) yields VT = 0.03 V, V0 = 4 
mV, κ = 0.2. VT has been reported as -0.30 ± 0.05 V for P3HT EGT devices measured in 
nitrogen environments, but values close to 0 V are plausible for high air doping of the 
P3HT film, since all fabrication and testing is carried out in air. The fit is closer in the 
saturation regime, and deviates from the experimental curve at more negative VG, when 
the device is switched on. This is believed to be due to higher source-drain currents, which 
result in lower transistor resistance. This implies that the transistor resistance is no longer 
the major contributor to the series resistance, and the assumption that the circuit current 
can be approximated by the transistor drain current equation may no longer be valid.  
To further obtain the total capacitance of the EGT (the series capacitance of C0 and 
C1), a displacement current measurement is carried out as shown in Fig B.3. (Appendix B), 
which, along with the C0/C1 ratio of 4, yields C0 = 28 nF, and C1 = 7 nF. This measurement 
consists of fixing the source-drain bias at 0 V and sweeping the gate voltage at increasing 
sweep rates while recording the gate current. A linear fit to the current vs sweep rate curves 
yields the capacitance of the device. The obtained values of C0 and C1 can then be used to 
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calculate κCG for different values of C2 (calculated using FG2 and CG areas, and assuming 
the specific capacitance of water-gold interface to be 10 μF/cm2). This allows us to predict 
the behavior of an FGT from the corresponding EGT measurement. The prediction of the 
model is compared to the experimental inverter curve for the control device in Fig 5.3b 
(previously shown in Fig 4.3a) and is found to match it closely (RMSE = 13 mV). We can 
now use the extracted reference values of the parameters to predict the FGT gain, 
capacitance sensitivity, and charge sensitivity for a range of FG2 areas, both to assess the 
validity of the model and to investigate trends for these outputs with sensing area size.  
5.3 Experiments 
FGT devices were fabricated with channel dimensions W/L = 50/10 μm, FG1 = 
150x the channel area, and CG = 20000x the channel area. FG2 areas were changed from 
50x the channel area to 10000x (50x, 100x, 500x, 1000x, 5000x and 10000x) the channel 
area (all pads are square except the source and drain). The experimental protocols for 
printing and PDMS well preparation were similar to those described in chapter 2. The 
required gold pads were fabricated using lithographic techniques onto Si/SiO2 wafers, and 
printing is employed to complete these devices. The FG2 surface was functionalized by 
exposing it using PDMS wells to solutions of acid-terminated thiols (11-MUA) or 
alkylthiols (C8- and C16-thiols) for charge and capacitance sensing respectively. Inverter 
curves were measured with 10 mM aqueous KCl at pH 7 as the secondary electrolyte for 
alkylthiol monolayers and pH 4 and pH 10 solutions (altered by the addition of HCl or 
KOH) for the acid-terminated monolayers. For gain measurements, ion-gel was printed 
over FG2 and CG as well, and inverter curves were measured in a similar manner as in 
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chapter 4, using a Keithley 2611B to apply VDD, a Keithley 2400 to apply VG, and a 
Keithley 2612 instrument to measure VOUT – all controlled by a LabView code. 
5.4 Results and Discussion 
The FGT gain is an important measure of the amplification capabilities of the 
device and is calculated as –(dVOUT/dVG). For experimental curves, it is calculated as the 
slope at VDD/2 and can be compared to the model with a derivation from the model. 
 
Fig 5.4. Gain Comparison. Gain vs C2 (FG2 and CG capacitance in series). The gain is 
calculated by taking the slope of the inverter curve (Fig. 5.3b) at the center (VOUT = VDD/2). 
C2 is varied by changing the area of FG2 (bare gold in contact with ion-gel). The prediction 
of the model is shown in red, which matches well with the experimental data in black. 
Lower capacitive coupling (i.e., greater potential drops) at FG2 causes the gain to drop as 
C2 approaches, and eventually becomes lower than C0 and C1. The data points represent 
the mean and standard deviation of at least 3 separate devices at each point. 
 




                                                      (5.15) 
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From this prediction, we see that higher gain is obtained with higher capacitive coupling 
(κ), higher supply voltage VDD, and lower V0 (corresponding to higher EGT 
transconductance). V0 obtained from the EGT fit, κ (as calculated from C0, C1, and C2), 
and the VDD (= -0.5 V) are used to predict gain as a function of C2.  
 
  
Fig 5.5. Signal subtraction (difference curves). (a) Examples of experimentally 
measured inverter curves for C8 and C16 monolayer functionalized FGT devices, shown 
in black and gray respectively. The C16 curve is shifted so that VOUT crosses 99% of the 
negative plateau at the same VG as the C8 curve.
115 The x-axis is consequently labeled VG*. 
The difference curve in red is calculated by subtracting the black curve from the gray curve. 
(b) Example measured inverter curves for a MUA-functionalized FGT device exposed to 
pH 4 and pH 10 are shown in black and gray respectively. The corresponding difference 
curve is shown in red.  
 
C2 is determined from the specific capacitance of the ion-gel-gold interface reported 
previously and FG2 areas, and the experimentally derived gain is plotted against it along 
with the theoretical prediction in Fig 5.4. Gain increases as C2 is increased and plateaus at 
large values of C2 (> 100 nF). The model follows the experiments closely for C2 > 1 nF. 
The model assumes that the capacitance remains constant throughout the range of C2, but 
lower values of FG2 area result in larger potential drops at FG2, causing increases in the 
specific capacitance. The deviation at lower C2 can hence be explained by the voltage 
a) b) 
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dependence of capacitance due to excess ions being squeezed into the double layer by the 
applied voltage.65 This phenomenon is seen in ionic liquids with residual moisture as 
well,119 which is the expected state of the ion-gel for the experiments in this study, as the 
preparation, storage and printing of ion-gel occurs in air. Another possible explanation for 
the deviation at lower FG2 areas is electrochemical breakdown of this water that could 
occur at higher potential drops, that could pin the voltage at the floating gate and cause 
higher than expected inverter slopes. 
 
Fig 5.6. Charge and capacitance signal trends. The experimental data are in black, while 
the model predictions are in red. (a) Signal peaks between C16 and C8 monolayers 
calculated by subtracting the two inverter curves. Each data point represents an average of 
at least three FGT devices at a specific areal size for FG2 coated with a C16 SAM; different 
points correspond to different FG2 areas. Peaks increase until C2 = 10 nF, after which the 
experimental data deviate from the model. (c) Signal peaks calculated between a MUA 
monolayer at pH 4 and pH 10, calculated by subtracting the two inverter curves. Each data 
point represents an average of three FGT devices at a specific areal size for FG2 coated 
with MUA and exposed to pH 10; different points correspond to different FG2 sizes. The 
peaks follow the model, with some deviations at lower values of C2. The data points 
represent the mean and standard deviation of at least 3 separate devices at each point. 
 
We further calculate the capacitance and charge sensitivity using both experimental 
data and the model. Devices with C8- and C16- monolayers are measured for each FG2 
a) b) 
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area, and the curves are subtracted to obtain a difference curve in Fig 5.5a, whose peak is 
taken as the final signal. To isolate capacitance effects and remove differences created by 
device-to-device VT variation, the C16 curve is shifted so that the switch on VG (VOUT = 
0.99VDD) matches that of the C8 curve. To predict the capacitance signals with the model, 
V0 = 4 mV, VT = 0.03 V are fixed, and the previously calculated values of C0 = 28 nF and 
C1 = 7 nF, specific capacitance values for C8 and C16 monolayers obtained from cyclic 
voltammetry measurements, and FG2 area are utilized. Inverter curves are calculated, 
shifted so that they switch on at the same VG (to match the experimental data), and 
subtracted, with the peaks of the resulting difference curves taken as the signals. The 
comparison of theoretical and experimental signals for capacitance and charge is shown in 
Fig B.4. 
The model prediction is plotted in red along with the experimentally obtained data 
in black in Fig  5.6a. The signal decreases as C2 is increased beyond 10 nF and the model 
matches the experimental data closely. However, the experimental signals peak at C2 = 10 
nF and reduce for smaller C2, while the model predicts that signals continue to increase 
and plateau for smaller C2. The discrepancy is likely due to higher capacitances at the FG2 
surface caused by higher applied potential, as opposed to the constant capacitance assumed 
during model derivation. As the capacitance increases with potential, the smaller 
capacitance (C16) is increased to a greater degree than the larger one (C8) due to 
correspondingly larger potential drops at the C16 monolayer. This renders the actual 
difference in the capacitances much smaller than what is assumed by the model, and hence 
results in correspondingly smaller signals than the model prediction. 
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Fig 5.7. Predicted signals. (a) Capacitance (left y-axis) and charge signals (right y-axis) 
are plotted across four orders of magnitude of C2/C0, and three values of V0. For specific 
values of V0 and C0, calculated using available material parameters and channel 
dimensions, the optimum value of C2 can be obtained from this prediction and the required 
area of the floating gate can be calculated. Here, C0 = 28 nF, and C1 = 7 nF. The region at 
small C2/C0 where the predicted capacitance signals deviate from the experimental values 
is dashed. (b) The figure from (a) is replotted, but with C1 = 100 x C0, to investigate the 
effects of an optimal C1/C0 ratio. The charge signals for higher V0 are increased while the 
higher V0 curves remain the same. The capacitance signal plateaus extend to higher values 
of C2/C0 and could be achieved for larger sensing area capacitances.  
 
The corresponding charge signals for the same areas are predicted by calculating 
inverter curves with V0 = 4 mV, VT = 0.03 V, the previously calculated values of C0 and 
C1, and C2 calculated from reported values of MUA-gold specific capacitance and FG2 
area. ϕ is fixed at 0 V for pH = 4, and 0.2 V for pH = 10, and the two curves are subtracted 
to give a difference curve, and its peak is taken as the signal for the model prediction. Fig 
5.6b shows the comparison of the experimental data (calculated by subtracting the 
measured inverters for pH = 4 and pH = 10 solutions for the same FGT device) and the 
model for charge signals. The signals increase as C2 is increased and plateau for C2>100 
nF, following the same pattern as the gain. The model follows the experimental signals 
closely from C2>1 nF, but deviates from it for smaller FG2 sizes. This arises from the 
a) b) 
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incorrect assumption in the model that the capacitance of the FG2-water interface remains 
constant, when it actually increases as potential drops at the FG2 surface increase as FG2 
area is reduced. 
The thorough comparison of the model with experiments now allows us to use it 
more confidently to predict the impacts of other surfaces in the device, as well as to explore 
material properties and operating conditions that would enhance the signals. Fig 5.7a shows 
the capacitance and charge signals plotted against C2/C0 for 3 different values of V0. CG is 
assumed to be much larger than any of the other 3 pads, ensuring that minimal potential is 
dropped the CG surface. The capacitance signals increase as C2/C0 is lowered due to larger 
potential drops at the sensing area, making it more sensitive to capacitive changes. As the 
capacitance signals are found to deviate from the model below C2/C0 = 0.3, the curves are 
represented as dashed lines for this region. The charge signals follow a similar trend as the 
gain, increasing with C2/C0, and plateauing at higher sensing areas. We can see that 
increasing V0 improves both capacitance and charge signals, implying that higher mobility 
and dielectric specific capacitance is favorable for sensing applications – which makes 
sense. This also implies that higher load resistances should offer higher sensitivity, as long 
as the underlying assumption regarding the circuit current and potential drops remain 
accurate. The plateaus for the charge signals occur due to the limit of VDD = -0.5 V. The 
subtracted signal cannot be higher than this value, and any further increases require 
increases in VDD, which in this case, causes more rapid performance degradation. In 
general, VDD should be kept as high as material and stability limits allow. It must be noted 
that the assumptions that go into deriving this model could limit its generality with regard 
to some semiconductor materials. This includes assumptions behind the use of the square 
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law equation such as the assumption of non-hopping transport (drift or diffusion), which 
may not be valid if the material, especially at the lower range of its mobility, does not lie 
in this regime. 
We now turn to C0 and C1 – the capacitances representing the channel and FG1 (the 
first arm of the floating gate). A smaller C0 value allows for larger ranges of C1/C0 to 
account for different inputs the device might detect. On the other hand, larger dielectric 
specific capacitances (which result in larger C0 values) ensure low voltage operation, one 
of the key advantages of the platform. This can be addressed by keeping the channel area 
as small as fabrication limits allow. In this study, C0/C1 = 4 and the device works well for 
both charge and capacitance sensing. However, increasing C1 can have positive effects on 
the device performance and sensitivity, and this is shown in Fig 5.7b, where C0/C1 = 1/100. 
While larger C1 did not have a substantial effect for charge signals with smaller V0, it can 
significantly improve the sensitivity for higher V0 (lower device performance). The plateau 
values for charge signals remain the same, as the maximum possible signal is already 
reached for VDD = -0.5 V. The plateaus for capacitance signals are observed at higher C2/C0 
values with the signals observed to be higher than those with C0/C1 = 4 throughout the 
curve. This indicates that a combination of smaller channel areas and comparatively larger 
FG1 areas (so that C1 > C0 at least) optimizes the sensing capabilities of this platform.  
5.4 Conclusion 
This study builds upon the previously described charge sensing, capacitance 
sensing and signal amplification experiments. In this work, we have developed a model 
that predicts the response of floating gate EGTs and validated it against experiments. 
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Previously understood transfer curve equations are adapted to the floating gate inverter and 
a piecewise model is derived to predict the output. The model yields several parameters 
that control device response, including a parameter that quantifies capacitive coupling, one 
that accounts for the transconductance of the transistor, and another parameter that 
represents the threshold voltage of the semiconductor. The model is fit to a previously 
measured control EGT, and the extracted values of parameters are used to predict the FGT 
response. The prediction is found to be accurate and these extracted values are then used 
to predict charge and capacitance signals across a wide range of sensing areas.  Self-
assembled monolayers (SAMs) are utilized to introduce controlled perturbations at the 
sensing area, with alkylthiol and acid-terminated molecules implemented respectively. The 
capacitance signals decrease with increasing sensing area size and are well-predicted by 
the model for larger areas. The charge signals increase as the sensing pad is enlarged, and 
is also matched closely by the model, except for smaller areas. The discrepancies can be 
explained by capacitance increases at low sensing area sizes due to larger potential drops 
at the sensing surface, which are not accounted for by the model.  
The model is further used to predict signals for different values of the controllable 
parameters, to characterize device response for different materials and operating 
parameters. Higher semiconductor mobility and dielectric specific capacitance always 
appear to yield larger signals, along with higher supply voltages, and load resistances – as 
long as device stability and material breakdown are accounted for. The sensing area should 
be maximized for charge sensing, while optimum capacitance sensing is achieved when its 
capacitance is the same as that of the channel. The control gate and the first arm of the 
floating gate (FG1) should be kept as large as possible to minimize potential drops at these 
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surfaces and enhance both performance and sensitivity of the device as a whole. The results 
shown in this study are generally applicable to floating gate transistors, regardless of 
materials choice. This implies that once the material properties of the transistor and the 
interfaces are known, device design can be implemented with simple rules that can be 













Chapter 6. Summary and Future Work 
6.1 Summary 
Floating gate transistors are promising sensing devices that overcome several 
drawbacks of previous transistor-based chemical sensor designs. The floating gate 
separates the transistor and sensing sections, allowing for independent optimization of 
these sections and the use of well-characterized functionalization techniques for sensor 
preparation. Device degradation and cross-contamination between sensing and transistor 
compartments is also avoided with the use of a floating gate. The use of an electrolyte 
dielectric provides additional advantages such as sub 1 V operation and the possibility of 
fabrication with fast and simple techniques such as printing, and possible future integration 
into roll-to-roll manufacturing. The combination of these two elements results in the 
Floating Gate electrolyte-gated Transistor (FGT), which was invented at the University of 
Minnesota. The FGT platform has been successfully employed for the detection of DNA,81 
ricin,82 and gluten85 in liquid media. However, the generalizability of the platform and the 
underlying mechanism remained unclear. The complex structure of the device, consisting 
of 4 interfaces and several adjustable parameters required optimization and further 
understanding to enable widespread usage in chemical sensing applications. This work 
employs self-assembled monolayers (SAMs) to alter the interfacial properties of the 
sensing area in a controlled fashion to elucidate and quantify its sensing mechanisms and 
optimize the device for use against different targets. 
In the first study, 11-mercaptoundecanoic acid (MUA) SAMs are bound to the 
sensing surface and exposed to solutions of increasing pH to deprotonate the acid groups 
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and create a layer of surface-bound charge. Transfer curve measurements carried out at 
each pH value show shifts in the device response, which show sigmoidal behavior typical 
of acid-base reactions. The calculated pKa is close to values reported in the literature. A 
RBS measurement is carried out to obtain a count of the molecular density and hence the 
surface charge density at complete ionization. This value is used to predict the potential 
created due to the surface charge with Grahame’s equation, a result derived from Guoy-
Chapman double layer theory. The potential calculated from transfer curve shifts and 
Grahame’s equation yield similar values, indicating the equation’s efficacy in predicting 
charge responses in the device. The electrolyte concentration is altered, and the 
experiments repeated to further asses the efficacy of traditional double layer theories in this 
device. The potential shifts are found to decrease with increasing concentrations above 1 
mM, consistent with increased charge screening, and the slope is found to be close to that 
predicted by Grahame’s equation. Additionally, the surface charge density is reduced by 
creating mixed monolayers at the sensing surface, which reduces the signals obtained from 
the device. This work is the first quantification of charge-based inputs and direct 
comparison with established double layer theory for transistor-based sensors.   
While charge-based inputs represent the majority of transistor signals (both for the 
FGT and for other transistor-based platforms), an important class of targets are chemicals 
found in the human body such as food components and hormones. These targets can be 
hard to detect due to a lack of ionizable groups and high electrolyte concentrations found 
in bodily fluids such as sweat, urine, and blood.110,111,120 This represents significant 
challenges for transistor-based detection and especially for many EGTs, as traditional 
dynamic measurements are not feasible for these devices due to lower ionic mobility. The 
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second study focuses on the detection of capacitive inputs and the amplification of signals 
produced by the FGT device. Alkylthiol SAMs with 8, 10, 12 and 16 carbon chains are 
bound to the surface of the sensing device, and inverter curves are employed to measure 
the responses. The inverters are found to become wider and the gain (slope) decreases as 
the length of the molecules are increased, and the capacitance is decreased. Difference 
curves calculated from a reference are found to be negatively skewed. A comparison with 
MUA-functionalized devices exposed to low and high pH results in potential shifts 
consistent with the previous study. In contrast to the capacitive signals, the charge-based 
signals result in higher and symmetric peaks when referenced from the lowest pH 
evaluated. The second study represents the first demonstration of capacitive transistor-
based detection with a quasi-static technique. for the detection of charge and capacitance 
signals – inputs that encompass a wide range of target molecules.  
Chapter 5 deals with the development of a model that predicts the inverter output 
as a function of applied voltages for the FGT, and the subsequent optimization of the device 
geometry and operating conditions for charge and capacitance-based sensing. The square 
law transfer curve equation is utilized along with the inverter circuit to yield a piecewise 
model for the inverter. The model yields 5 parameters that can influence the inverter output 
and include parameters that consist of variables concerning the material properties (V0), 
capacitive coupling (kappa), and operating conditions (VDD, V0). A fit to a measured 
control EGT device provides reference values for these parameters. These values are used 
to predict the gain, charge sensitivity and capacitance sensitivity for a range of sensing area 
sizes for FGT devices with the same EGT design. The gain is found to increase as the 
sensing area is increased, culminating in a plateau. Alkylthiol SAMs are employed to 
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generate capacitance signals while MUA is used to generate charge signals, similar to the 
previous study. The charge signals increase with increasing sensing area size and plateau 
in a similar manner as the gain, while the capacitive signals peak for sensing area 
capacitances close to the channel capacitance and decrease for both larger and smaller 
sensing areas. The model is found to predict these outputs accurately except at sensing area 
capacitances lower than the channel capacitance, which is attributed to capacitance 
increases at lower sensing areas due to increased potential drops at the sensing surface. 
The model predictions are then plotted for different values of V0 to provide insights 
about the influence of material properties and operating conditions on the sensing 
capabilities of the device. It is reinforced that higher mobility semiconductors and high 
specific capacitance dielectrics are preferred for sensing applications, and it is found that 
higher supply voltages and load resistances provide increased amplification for the device. 
The control gate of the device and the floating gate pad connected to the channel by the 
dielectric (called FG1 in our notation) should be kept as large as possible for both charge 
and capacitance sensing. For charge sensing, the larger sensing areas are preferred, while 
capacitance sensing is optimized at sensing area capacitances close to the channel 
capacitance. The final study provides concrete and simple design rules for floating gate 
transistors regardless of materials choice that can enable widespread use of this platform 
for a large range of targets. 
Overall, this work elucidated the sensing mechanisms of a promising transistor-
based chemical sensing platform, the FGT, with the use of SAMs, quantifying its response 
to charge-based inputs and demonstrating its utility for quasi-static capacitance detection. 
66 
A model was produced to describe its behavior and was found to match experiments for a 
range of sensing area sizes. The understanding of the device operation and sensing 
mechanisms further allows the formulation of straightforward design principles 
generalizable to various floating gate devices under investigation (not just EGTs). This 
work provides quantitative understanding and mechanistic optimization of floating gate 
transistors which are promising candidates for use as rapid, sensitive, general purpose and 
easily fabricated chemical sensing devices for portable and distributed applications. 
6.2 Future Perspectives – Microfluidic Optimization 
The focus of this work has been the understanding and optimization of the platform 
from an electronics and transduction perspective. Further optimization of the sample 
delivery is hence a natural avenue for future work. The pads (other than source and drain), 
have all been kept square. The aspect ratio of the sensing area and the dimensions of the 
microfluidic channel can be optimized for faster sample delivery and lower detection times. 
An example calculation to estimate the magnitude of detection time changes with examples 
of changes is shown here, following nomenclature from a comprehensive analysis in 
Squires et al.121  
In the FGT device, we assume the sensing area (FG2) has a length L along the 
direction of flow, and width W. A fluid delivery channel of height H and width Wchannel 
encompasses FG2. The target molecule in the fluid is at a uniform bulk concentration of 
C0, and the average fluid velocity in the channel is U. The capture molecule is bound to 
FG2 at a surface density of s, assuming each molecule acts a single receptor for the target.  
From device and operation details provided for the detection of ricin by the FGT platform,82 
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we can obtain the values of these variables as Wchannel = 600 μm and H = 100 μm. Further, 
Q = 10 μL/min = 1.67x10-10 m3/s, diffusivity D = ~10-10 m2/s (for the ricin B chain or a 
similar sized protein in aqueous media – with MW ~ 30 kg/mol), U = Q/HWchannel = 
2.80x10-3 m/s. So, we can calculate the Peclet number (ratio of convective to diffusive 
mass transfer rate) with respect to channel height PeH = Q/DWchannel = 278,  the shear Peclet 
number PeS = 6λ2PeH = 375003 and λ = L/H = (1.5/0.1 mm) = 15. For PeH and PeS >> 1 
and a very thin depletion region, the diffusive flux F in the depletion region ≈ 0.81PeS1/3 + 
0.71PeS
-1/6 – 0.2PeS
-1/3 = 58. 
We can now examine the effect of a simple decrease in Wchannel from 600 μm to 300 
μm, for example. This change in value is chosen so it allows the sensing area to be kept of 
similar size, while still allowing for manual alignment of the microfluidics with the gold 
pads. The FG2 pad itself will have to be elongated to keep its area the same, assuming that 
optimum area has been determined from design principles in Chapter 5. For the new device, 
L = 3 mm, and W = 0.25 mm. Using a maximum aspect ratio of 10 for Wchannel/H for 
microfluidic devices, the channel height can go as low as 30 μm, and keeping other device 
dimensions and flowrate constant, we get PeH = 556, λ = L/H = (3/0.03 mm) = 100, PeS = 
3.33x107. F ≈ 261 for these new dimensions. 
This simple calculation implies the flux increases by 4.6 times when these 
dimension changes are implemented. It is worth noting that if manual alignment is utilized, 
it will need to be quite precise, with only 50 μm difference in widths between the FG2 pad 
and the microfluidics. 
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Assuming the transduction of the binding event by the transistor is near 
instantaneous, the observed detection time can be treated as the total time from when the 
target has travelled through the microfluidic channel by convection, reached the surface by 
diffusion, has bound to the aptamer/antibody, and is in equilibrium. 
 
Fig 6.1. Microfluidic channel.121 Schematic of a microfluidic channel encompassing a 
sensor pad (FG2 for the FGT) with the sample fluid bringing target molecules that can bind 
to the capture molecules at the surface. The figure is not to scale, and it is adapted from 
Squires et al.121 
 
For the diffusion limited case, this time can be approximated by the residence time 
in the depletion region τD ≈  
konsL
DF(koff+konc0)
= DaτR, where kon and koff refer to the rate 
constants for binding and removal of the target to the capture agent, c0 is the bulk 
concentration of target, s is the density of capture molecules (or binding sites, more 
generally) on the surface, Da is the Damkohler number (the ratio of mass transfer or 
diffusion time to the reaction/binding time), and τR is the characteristic reaction time, 
roughly equal to 1/koff. 
For Da>>1, (diffusion limited case) the formula above holds, otherwise, τD ≈  τR, 
for the reaction limited case. The goal using the microfluidics is to ensure that the process 
is as free of mass transfer limitations as possible. The equilibrium time, and hence the 
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detection time, will reduce by 4.6 with the implementation of the new design if the process 
is mass transfer limited. The diffusion limited case is likely only true for lower 
concentrations, as high concentrations will probably ensure that the process is in the 
reaction limited regime. For ricin and other similar-sized proteins, it is possible that 
detecting concentrations near the LOD will be mass transfer limited even with high fluxes, 
as low c0 will ensure that the Damkohler number Da, and hence the equilibrium time will 
always be very high. This is where the device improvements should most prominently 
enhance detection times. 
Table 6.1 Detection times for new microfluidic designs. Calculated detection time scales 
for ricin with the Squires model121 and previously reported device designs are shown here, 
assuming a mass transfer limited surface binding process in all cases. A pre-factor of 1/3 
yields results similar to those observed in previous work.82 Additionally, estimated times 
for a new single and multiple channel design are shown as well. 
c0 (g/ml) Detection Time 
DT (min) 
DT – 1/3 
prefactor (min) 
DT – New Single 
Channel  (min) 
DT – Multiple 
Channels (min) 
1.00-9 169.91 56.64 38.13 2.55 
1.00-8 161.26 53.75 36.18 2.40 
1.00-7 106.83 35.61 23.97 1.59 
1.00-6 24.42 8.14 5.49 0.36 
1.00-5 2.80 0.93 0.63 0.03 
 
For this new design, the characteristic residence time in the depletion zone τδ ~ 
δ2/D = (Pes-1/3L)2/D = 1.45 min > 0.63 min (the lowest detection time), while it is smaller 
than detection times for lower concentrations, as listed in Table 6.1. This implies that for 
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high concentrations the model prediction may not be valid as the quasi-steady state 
approximation is not accurate anymore. The depletion zone takes a longer time to form 
than the predicted ‘steady’ time for equilibrium.  
 
 
Fig 6.2. 5-Channel design. A possible design for a 5-channel microfluidic device is shown 
here. The sample or test solution mixes with a control buffer solution that enables 
electrolyte connection between CG and FG2. The resulting mixture is split between 5 
channels which creates higher fluid velocities and better mass transfer to the sensor surface. 
Each channel Support structures within the device enable better mechanical robustness. 
The figure is not to scale. 
 
Another possible design is to have 5 (as an example) parallel channels of 10 μm 
width with 50 μm wide PDMS (as an example) between each of them for support, as shown 
in Fig 6.2. Each channel hence has Wchannel = 10 μm and H = 2 μm for this design. For the 
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flow rate Q = 3.33x10-11 m3/s, we get PeH = Q/DWchannel = 3.33x10
4, PeS = 6λ2PeH = 
1.13x1011 and λ = L/H = (1.5/0.002 mm) = 750. For PeH and PeS >> 1, with a very thin 
depletion region, flux F in the depletion region ≈ 0.81PeS1/3 + 0.71PeS-1/6 – 0.2PeS-1/3 = 
3910. This implies one would get a 67x increase in the flux, and corresponding reduction 
in the equilibrium time compared to the current design. 
Some other engineering issues with this design and consequently some possible solutions 
for them are listed here: 
1. Nonspecific adsorption to PDMS due to high surface area – the use of a blocking 
agent such as BSA may be required. 
2. Reduction of FG2 area by about 5-6 times due to PDMS support structures – this  
can be compensated by increasing the sensing pad area appropriately. 
3. Tougher to fabricate – multi level channels are required (this may be the case for 
the single channel design too). 
4. Buffer solution contact with the sample solution could be an issue – gaps between 
PDMS support structures would be needed. 
5. Increased pressure and resistance may cause containment issues and may require 
readjustment of flow rates. 
For the multiple channel design, τδ ~ δ
2/D = (Pes
-1/3L)2/D = 0.097 s > 0.01 s. Similar to the 
earlier design, for high concentrations the model prediction may not be valid as the quasi-
steady state approximation does not hold.  
Table 6.1 shows that one could cut down on detection time significantly by 
changing the microfluidic design, especially for lower concentrations close to the limit of 
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detection. There could be additional differences from this prediction in the actual 
experiment due to non-uniform surface coverage, extremely high local velocities and 
possible manual alignment errors. A suitable set of target and capture molecules with well-
established binding kinetics such as biotin and streptavidin122,123 must be chosen for this 
testing, that allow a clear demonstration of the improvements provided by changes in 
microfluidic design. The pH sensing experiments described in Chapter 3 cannot be utilized 
effectively here as the diffusivity of protons in water is much higher than that of proteins 
or even small molecule targets.124,125 Both optimal and sub-optimal microfluidic designs 
would hence result in binding/reaction limited processes and the experiments would be 
unable to distinguish between them. These are merely two examples of microfluidic 
designs for improved sensing in FGT devices, with many other possible designs such as 
herringbone structures for mixing.126 or parallel devices for multiplexing.127 
6.3 Silicon transistors, surface quality control, and pressure sensing 
The focus of this work has been to understand and optimize or enhance the signal 
produced by the printed FGT device. Strategies to reduce device-to-device variation while 
maintaining the enhanced signals in the device must be a primary focus of work going 
forward. The current performance of the device is adequate for Yes-or-No or even more 
quantitative tests for many targets and sensing media of relevance to food safety82,85 and 
environmental quality control applications.128 Reduction of device-to-device variation will 
enable further reduction in limits of detection that can allow the FGT device to be used to 
quantify targets in bodily fluids and make the device competitive for biomedical and 
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possibly wearable applications – although many engineering solutions may be needed for 
eventual commercialization. 
The work so far has imposed a constraint of utilizing printing to create the transistor 
device in order fully explore the capabilities of printed electronics in the chemical sensing 
space and to keep it compatible with roll-to-roll manufacturing in the future. However, it 
is possible that variation in printed semiconductor film thickness and morphology or 
change of threshold voltages due to material degradation or air doping of the organic 
semiconductor film causes device-to-device variation in the device response, increasing 
the standard deviation of the signal when measured over several hours. While this is not as 
much of an issue in the controlled, relatively fast (<20 min) and simple experiments carried 
out in this research, it can create issues for more complex sensing experiments, especially 
for biological targets, which often need long surface preparation times (>24 hours) and 
multiple functionalization steps. One strategy to avoid this variation could be to utilize a 
commercial silicon transistor, separately attached to a sensing surface (created in-house on 
Si/SiO2 wafers) with a wire (thus ‘extending’ the gate) and compare the performance with 
previous results (for printed FGTs) for a molecule such as ricin or gluten.81,85 
Another major source of variation could be the device-to-device density variation 
of probes or capture molecules. Characterization of complex sensing surfaces with methods 
such as X-ray Photoelectron Spectroscopy (XPS)/Angle-resolved X-ray Photoelectron 
Spectroscopy (ARXPS)129 or optical microscopy before signal measurement can help in 
the removal of devices with lower probe density, and result in smaller measured signal 
variation (and perhaps smaller overall device yield as well). This is helpful for biosensing 
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applications (with more complex surfaces than the SAM-only surfaces utilized here) – 
where multiple steps may be required to attach capture molecules such as antibodies. 
However, the addition of microfluidic structures on the sensing surface for 
functionalization solution delivery can make this step difficult. One option to overcome 
this limitation is to utilize glass wafers for possible optical characterization from the other 
side with microscopy. A post–sensing characterization can also be utilized to confirm the 
probe density for complicated interfaces with capture molecules. 
A more long-term research direction for the device could be to create a parallel 
combination of the FGT device with an optical sensing or characterization module. The 
FGT can detect the quantity of the target, and a surface-based optical detection method 
such as SERS (Surface Enhanced Raman Spectroscopy)130 can be utilized for secondary 
quantification or confirmation of the target’s chemical character.131 This would enable the 
combined device to detect both larger biomolecules, which may not be well identified with 
SERS, due to sizes beyond the range of the surface plasmon-based signal 
enhancement/transduction,130 as well as small and neutral molecules, which can be hard 
for the FGT device to quantify.115 Microfluidic channels and flow splitters can be utilized 
to transport the solution to both surfaces simultaneously. The inherent bulkiness and 
complexity of the resulting device or the addition of extra characterization steps (described 
in the previous paragraph) could both restrict its use for only lab-based analytical tests. 
Finally, a completely novel avenue for the FGT device would be the detection of 
fundamentally different physical quantities such as pressure or strain. Ferroelectric 
polymers such as PVDF-TrFE132 can be printed on FG2 (the sensing area) for the 
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transduction of pressure by the FGT device. The floating gate can enable the use of 
semiconductor and dielectric materials with different mechanical properties than the 
pressure transducing element. A pressure sensing pad would hence consist of a floating 
gate with multiple FG2 pads and a single FG1 pad connected to a printed transistor, all on 
a flexible substrate. The deposition of printed films for PVDF133 with techniques such as 
inkjet or aerosol jet printing can enable roll-to-roll manufacturing of large area pressure 
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Appendix A – Charge Response 
 
This appendix is for chapter 3 and includes titration curves for different electrolyte 
concentrations, the variation of pKa with electrolyte concentration, an example NRA 
measurement for obtaining surface density of MUA, and example titration curves for 3-
mercaptopropanoic acid and 4-aminothiphenol. 
 
Figure A.1. Acid and Base Titrations.101 (A) 3-mercaptopropionic acid (MPA) titration 
curve. (B) 4-mercaptopyridine (a base) titration curve. One device is shown for each case. 
Reprinted (adapted) with permission from Thomas, M.S., White, S.P., Dorfman, K.D., 
Frisbie, C.D.; Interfacial Charge Contributions to Chemical Sensing by Electrolyte Gated 
Transistors with Floating Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-
1339. Copyright 2018 American Chemical Society. 
 
Since the claims made in the study are general in nature, it is prudent to test another acid-
terminated molecule and a base-terminated one as well. Both trends are found to be the 
same, as the acid becomes negatively charged as pH is increased, and the base goes from 
positive to neutral. The reference curve for the base is taken to be the highest pH (8), as 
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this is where it is assumed to be uncharged. Both the acid and base pK1/2 values are close 
to those reported in the literature.104,137 
 
 
Fig A.2. Example NRA measurement.101 The carbon signal peak for a MUA on gold/Si-
SiO2 wafer after 4 hours of functionalization. The beam energy is 4.266 MeV and the total 
charge is 100 μC. A linear fit is utilized to eliminate the background. Reprinted (adapted) 
with permission from Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial 
Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with Floating 
Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 
American Chemical Society. 
 
NRA (Nuclear reaction Analysis) is a variant of RBS (Rutherford Backscattering 
Spectrometry) utilized for the detection of light elements such as carbon. NRA experiments 
were conducted by Greg Haugstad, at the Characterization facility, University of 





Fig A.3. Titration curves for different concentrations.101 Titration curves for 
concentrations other than 1 mM. The maximum shift decreases from 10 mM to 1 M. The 
error bars represent 1 standard deviation for 5 devices each. The pKa is calculated as the 
inflection point of the sigmoidal fit. Reprinted (adapted) with permission from Thomas, 
M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial Charge Contributions to 
Chemical Sensing by Electrolyte Gated Transistors with Floating Gates, Journal of 







Fig A.4. pKa trends.101 (A) pKa values extracted from sigmoidal fits for higher electrolyte 
concentrations. (B) pKa values plotted against solution MUA fraction. Reprinted (adapted) 
with permission from Thomas, M.S., White, S.P., Dorfman, K.D., Frisbie, C.D.; Interfacial 
Charge Contributions to Chemical Sensing by Electrolyte Gated Transistors with Floating 
Gates, Journal of Physical Chemistry Letters (2018), 9(6), 1335-1339. Copyright 2018 
American Chemical Society. 
 
The findings from the experiments indicate that the pKa of MUA decreases as the 
electrolyte concentration is increased. As the charges generated by deprotonation are 
screened more effectively, the deprotonated state becomes more energetically favorable, 
and the 1-pK model138 for charged monolayers provides additional theoretical backing for 
this phenomenon. A similar argument can be made for decreasing surface charge density, 






Appendix B – Modeling and Optimization  
 
Supporting information for chapter 5 is provided here. Signals calculated from the example 
devices in Fig 5.5 are shown below, along with theoretical counterparts. The peak heights 
are similar, but the shapes are different, especially for the capacitive signal. 
 
Fig B.1. Cyclic Voltammetry. (a) Example cyclic voltammetry measurements for a C16 
monolayer on gold electrodes. A potentiostat swept working electrode potentials and 
recorded currents, with a platinum counter electrode and Ag/AgCl reference electrode 
immersed in a 0.1 M KCl solution. The voltage is swept at increasing rates vs Ag/AgCl 
with current measurement at each sweep rate. (b) Average plateau current vs Sweep rate 












Fig B.2. Gain vs Load resistance. The gain measured for a set of EGT devices just after 
printing, with C1 = 7 nF, and C0 = 28 nF is plotted against different values of the load 
resistance. It increases until 10 MΩ, after which it decreases, as the current is not able to 
increase to change the potential drop as the resistance is too high. The data show large 
variation between devices, possibly due to poor connections made by replacing RL 
frequently in the circuit. The data points represent the mean and standard deviation of at 















Fig. B.3. Displacement Currents. (a) An example of the displacement current 
measurements for EGTs with the same specifications as those used in the main text. The 
source-drain bias is fixed at 0 V, and the gate voltage is swept from 0.8 V to -0.6 V in 
forward and reverse sweeps. The EGT device has the same dimensions as those in the main 
text (L = 10 μm, W = 50 μm, Gate = 150x channel area). (b) The current at VG = 0 V for 
each sweep is plotted with a linear fit to the data, and the slope yields a capacitance of 5.1 
nF, which is the series sum of C0 and C1.  
 
Fig 5.11 shows an example of displacement current measurements to obtain the capacitance 
of C0 and C1 (the semiconductor/dielectric and FG1-ion-gel interfaces respectively) in 
series. This measurement along with the extraction of C0 and C1 from the fit of an example 
EGT allows us to calculate the values of C0 and C1 that can be used to predict the gain and 
sensitivity of the device. The current at VG = 0 V is plotted against the sweep rate and a 
linear fit yields a capacitance of 5.1 nF. The average for 3 devices is found to be 5.6 nF 
and using C0/C1 = 4 (extracted from the fit in Fig 5.2), we obtain C0 = 28 nF, and C1 = 7 
nF.  The specific capacitance of the ion-gel-gold interface is calculated to be 9.3 μF/cm2 
using C1 = 7 nF and the area of gate (FG1) pad. This is lower than the previously reported 
value of 12.5 μF/cm2 but is of similar magnitude and the discrepancy could be due to 
organic contaminants that lower the specific capacitance. The value of C0, however, is 
roughly an order of magnitude larger than that predicted by multiplying previously reported 
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values of specific capacitance with the channel dimensions. This variation in channel 
capacitance is believed to be largely due to printing differences between studies. While the 
designed channel in this work is 10 μm x 50 μm, the actual printed film can be 5x larger in 
effective area, as the printing resolution is about 30 μm and using multiple passes to ensure 
continuous films can result in both thicker and wider films than the channel dimensions 
themselves. As the electrochemical transistor relies on volumetric doping of the 
semiconductor film,63 larger thicknesses (~2x previous work) and areas (~5x designed 
channel) can result in capacitances an order of magnitude higher than initially anticipated 




















Fig B.4. Theoretical Difference Curves. (a) Signals generated from capacitance-based 
inputs from experiment (in red) and theory (blue) are shown here. VG* represents shifting 
of the inverters to account for differences in starting points for the EGTs. (b) Charge-based 
signal curves from experiment and theory are shown. The difference in starting point is due 
to the difference in assumed VT (as extracted from the control EGT in Fig 5.3a) and the VT 













Appendix C – Experimental Protocols 
More detailed experimental protocols are written here. 
Electrode Deposition: 
1. Si/SiO2 wafers were heated to 115 
OC in the clean room to remove residual moisture 
2. Spin coating of S1813 photoresist at 4000 rpm for 30s was carried out after the wafer 
cools 
3. Baking of the wafer at 115 OC for 1 min was carried out 
4. A mask with the desired electrode features, also prepared in the nanofabrication facility, 
was utilized to expose the wafer for 5s (this was changed depending on the spin coating 
and resist parameters) 
5. Development of the wafer with a 1:5 mixture of 351 developer and water was carried 
out for approximately 40s or when larger features were clearly visible 
6. Rinsing with DI water, drying with nitrogen was completed and inspection of the wafer 
can confirm presence of the required designs on the wafer 
7. E-beam deposition was used to deposit 5 nm Cr and 50 nm Au on the wafers 
8. Lift-off was carried out by leaving the gold deposited wafers in commercial 1165 
remover or 50:50 by volume mixture of acetone and isopropylalcohol (IPA) overnight 
9. Rinsing with acetone, Methanol, and IPA followed by DI water and drying with nitrogen 
yielded the final electrode patterns 
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Aerosol Jet Printing: 
1. P3HT polymer was mixed with chloroform at 1 mg/mL and magnetically stirred at 400 
rpm and 60 OC, with 2-3 mL of final solution mixed for each run 
2. Ion gel was prepared by mixing SEAS polymer, the ionic liquid EMI-TFSI and ethyl 
acetate in a 1:9:90 ratio by mass. Ion gel was prepared for multiple runs and was stored in 
air, but with a seal 
3. 2 mL of the P3HT solution was loaded into a printing vial (with two glass tubes for entry 
and exit of carrier gas) with 10% by volume terpineol 
4. A 150 μm nozzle was attached to the printer head assembly and the stage heater was 
switched on and set to 60 OC. Sonicator and gas flows were also switched on once the 
tubing was completed 
5. The P3HT was printed between the source and drain electrodes (ideally) to a target 
thickness of 50-75 nm, with observed film color under the printer microscope utilized as 
an assessment of the film thickness (as observed in previous work)88 
6. Ion gel is printed to complete the devices to thicknesses that distinguish the centers of 
the films from the edges on the printer microscope. Being an electrolyte dielectric operated 
in quasi-static mode, the thickness of the gel does not affect the device operation unless it 
is too thin 
7. Polystyrene (5 mg/mL in chloroform with 1-5% by volume terpineol) was printed to 
enhance time stability of EGT devices. Only visual confirmation of film continuity is 
obtained through the printer microscope 
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PDMS wells and Microfluidic Device Fabrication: 
1. Si/SiO2 wafers were cleaned with a piranha etch, and rinsed with DI water, and baked at 
200 OC for 5 min. 
2. SU8 2100 photolithography was carried out on a Si/SiO2 wafer with a mask containing 
the microfluidic patterns, following the commercially available data sheet (from 
www.microchem.com) closely for operating parameters to obtain 100 μm features (a 10% 
error was observed for feature thickness) 
3. Development was carried out with commercial SU8 developer as well 
4. HMDS treatment was carried out for 30 min after rinsing with the developer and IPA 
and drying with nitrogen 
5. Al foil was utilized to create a boundary for the wafer to contain the PDMS mixture 
6. Sylgaard PDMS monomer and crosslinker were mixed at a 10:1 ratio by mass and 
centrifuged for 10 min 
7. The mixture is poured into the SU8 mold prepared on the wafer and heated in a 75 OC 
oven for 2 hours 
8. After 2 hours, the crosslinked and solidified PDMS was taken out of the oven and was 
cut out at the edges so that the border was not   
9. For microfluidic devices, a 1 mm punch was utilized to create channels between the 
features on the bottom and the upper surface, through which fluids can be injected into the 
device. For wells, the required internal shapes were cut out with a blade 
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10. Finally the well or device was separated from the remaining PDMS for use 
Functionalization: 
1. The required thiol molecules (MUA or C8- to C16-thiols) were dissolved at 1 mM 
concentrations in 200 proof ethanol and shaken lightly until visible dissolution for 1 min 
2. For well-based functionalization, these solutions are utilized to fill the PDMS wells close 
to the brim, and refilled every 10 minutes, or if the solution height dropped to less than 
75% of the well height 
3. For fluid channel-based functionalization, a syringe was used to fill the microchannel 
(horizontal, in contact with FG2 surface) and the connecting channel (vertical, made with 
a punch) to the brim with functionalization solution and refilling pulses were added when 
the fluid height in the connecting channel reduced to 50% of the channel height  
4. At the end of the functionalization period, the well or channel was removed and a well 
encompassing both FG2 and CG was attached to the wafer and filled with solutions with 
specific electrolyte concentrations and pH as need for the study 
Testing: 
1. A custom LabView code was utilized to control Keithley 2400 for application of gate 
voltages for both transfer and inverter curve measurements at 10 mV or 50 mV step sizes 
for 25 mV/s or 50 mV/s sweep rates respectively (or other sweep rates utilized) 
2. A Keithley 2611B instrument applied drain voltage and measured drain current 
respectively for transfer curves 
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3. For inverter curves, a Keithley 2400 applied gate voltages, a Keithley 2611B applied the 
supply voltage, and a Keithley 2612 instrument measured output voltages 
4. A 3 s hold of the drain or supply voltage preceded the application of gate voltage and 
measurement of current or voltage in both cases to reduce transient currents. 
 
